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Tr ibo luminescence  (TL) i s  t h e  emission of l i g h t  which occurs when a so l id  i s  
subjected to  some form of "s t ress . "  Although t h e  phenomenon was named f o r  t he  Greek 
root  f o r  the verb  "to rub"(1). i t  i s  now known t h a t  mechan ica l  a c t i o n  o t h e r  t h a n  
g r i n d i n g .  s c rapp ing  or rubb ing  w i l l  i n i t i a t e  t r i b o l u m i n e s c e n c e .  I t  has  been 
observed tha t  s t a t i c  e l e c t r i f i c a t i o n .  exposure t o  l i g h t .  t h e  motion of a f l u i d  (most 
notably mercury) over t he  s u r f a c e .  t he rma l  shock and t h e  r e l e a s e  of absorbed  or 
a d s o r b e d  g a s e s  c a n  p r o v i d e  s u f f i c i e n t  ene rgy  t o  induce  TL i n  a s o l i d  ( 2 ) .  
Furthermore. a l t h o u g h  l i g h t  emis s ion  h a s  been  a s s o c i a t e d  l a r g e l y  w i t h  o r g a n i c  
c r y s t a l l i n e  m a t e r i a l s ,  r e c e n t  r e s e a r c h  has  shown t h a t  some rock  m i n e r a l s  a l so  
d isp lay  triboluminescent p rope r t i e s  (3.4). 

It has been repor ted  t h a t  TL i s  f requent ly  observed t o  occur i n  ma te r i a l s  which 
a l so  g ive  r i s e  t o  a photo luminescence  (PL) spec t rum.  b u t  PL i's n o t  a necessa ry  
c h a r a c t e r i s t i c  fo r  TL behavior ( 2 ) .  There i s  an ex tens ive  body of l i t e r a t u r e  on t he  
s u b j e c t  of TL. b u t  t o  d a t e  n e i t h e r  t h e  exact o r i g i n ( s )  nor t h e  mechanism(s) of TL 
have been de l inea ted  p rec i se ly .  Inves t iga to r s  have most commonly s t u d i e d  t h e  r o l e  
of c r y s t a l  f r ac tu re s ,  p l a s t i c  and e l a s t i c  deformations. p a r t i c l e  s ize .  the  presence 
or a l t e r a t i o n  of c r y s t a l  d e f e c t s .  and /o r  t h e  p r e s e n c e  of i m p u r i t i e s  f o r  t h e i r  
p o t e n t i a l  r e l a t ionsh ip  t o  TL ( 6 ) .  

Coyne e t  a l .  were t h e  f i r s t  to repor t  t ha t  dehydration of some c lay  minerals 
r e s u l t s  i n  tr iboluminescence (4) .  That work a l s o  r e v e a l e d  t h a t  i n  a d d i t i o n  t o  a 
burs t  of photons. a continued r e l e a s e  of measurable energy was recorded f o r  periods 
of time a s  long a s  severa l  days (4.5). 

Coyne's work prompted us t o  i n v e s t i g a t e  TL p rope r t i e s  i n  coal i n  s p i t e  of i t s  
n o n - c r y s t a l l i n e  s t r u c t u r e .  Coal i s  f r e q u e n t l y  under la in  wi th  c lay  beds and clay 
minera ls  a r e  t h e  most common i n o r g a n i c  components i n  c o a l .  Because  c o a l  i s  a 
complex  and  a n o t o r i o u s l y  v a r i a b l e  s u b s t r a t e .  i t  was d e s i r a b l e  t o  t e s t  i t s  
luminescent p rope r t i e s  under t h e  s i f p l e s t  f f  c o n d i t i o n s .  Coyne's work h a s  shown 
tha t  dehydration causes s u f f i c i e n t  upon t h e  c lay  s t r u c t u r e  to s t imu la t e  TL. 
and i s  a p rocess  t h a t  c a n  e a s i l y  be achieved using a common des iccant  (4 ) .  Since 
t h e  porous coa l  s t r u c t u r e  makes it poss ib l e  f o r  l i q u i d s  t o  be imbibed i n t o  the  pores 
a s  well  a s  t o  adhere t o  t h e  sur face  of t h e  macromolecule, i t  was decided t o  monitor 
TL from c o a l  when wa te r  was removed from coal  prev ious ly  suspended i n  water i n  a 
manner analogous t o  t h a t  described by Coyne (4 ) .  The primary f o c u s  o f  t h i s  s tudy .  
then .  was t o  de t e rmine  whether  TL cou ld  be  obse rved  i n  c o a l  when m o i s t u r e  was 
removed from it. and whether any photon emission obse rved  cou ld  be  r e l a t e d  t o  t h e  
mineral  matter content of t h e  coa l .  A s  f a r  a s  i s  known. t h i s  r epor t  marks the  f i r s t  
d i s c o v e r y  t h a t  c o a l ,  a complex but  c l e a r l y  a n  amorphous s o l i d .  does  e x h i b i t  
pronounced triboluminescence when an  aqueous s l u r r y  i s  subjected t o  dehydration. In 
addi t ion  t o  studying t h e  e f f e c t s  of mineral  mat te r  content on c o a l  TL. t h i s  r e p o r t  
includes da ta  on t h e  e f f e c t  of p a r t i c l e  s i z e  on coa l  tr iboluminescence. 

stress 

EXPERIMENTAL 

Two coa ls  have been used throughout t h i s  study. Both a r e  Western Kentucky hvB 
coa l s  obtained from t h e  Western Kentucky U n i v e r s i t y  Center  f o r  Coal  Sc ience .  A 
summary of t h e  ana lys i s  of both coa ls  i s  given i n  Table I. It should be noted tha t  
t hese  two coa l s  were se l ec t ed  because  of  t h e  wide  d i v e r g e n c e  i n  t h e  a s h  c o n t e n t  
which i s  represented. 
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In t h e  i n i t i a l  s e r i e s  of t r i a l s  t o  determine TL. -60 mesh coa l  was mixed (20% 
by weight) wi th  wa te r  a n d  mic ron ized  i n  a Union P r o c e s s  Model 1-S s t i r r e d  b a l l  
a t t r i t o r  m i l l  f o r  2 hours.  For determinations of t he  e f f e c t  of p a r t i c l e  s i z e  on TL. 
120 g of -60 mesh c o a l  6 8 5 0 9 8  ( h i g h  a s h )  and  480 g wa te r  were p l aced  i n  t h e  
a t t r i t o r  m i l l .  The microniza t ion  process was timed. and a t  pre-determined in t e rva l s  
t h e  rabble  arm was stopped long enough t o  withdraw approximately 5 mL of t h e  c o a l -  
water s l u r r y .  Table I1 summarizes t h e  p a r t i c l e  s i z e  reduct ion  wi th  mi l l i ng  time f o r  
such  a s l u r r y .  P a r t i c l e  s i z e  d e t e r m i n a t i o n s  were made u s i n g  a Spectrex SP-410 
p a r t i c l e  s i z e  analyzer.  

Table I1 

P a r t i c l e  S ize  Reduction wi th  Short-term Mil l ing  of Coal %024* 

Mil l ing  - %r +325 meah % -325 ueah 

0 12.3 
.5 13 .O 
1 17.9 
2 11 .o 
4 2.6 

39.0 
58.8 
69.2 
86.7 
97 . I  

* C o a l h 6 0 2 4  i s  a hvBb coa l  s imi l a r  t o  the982089 used i n  
t h i s  work (7 ) .  

Triboluminescence of  t h e  coa l  v a s  measured a s  a func t ion  o f  d e s i c c a t i o n  w i t h  
t i m e .  Photon o u t p u t  was mon i to red  u s i n g  a Beckman LS-1OOSC l iqu id  s c i n t i l l a t i o n  
c o u n t e r  o p e r a t i n g  i n  t h e  t o t a l  photon  mode w i t h  a 50 - 1,000 window on t h e  
d i s c r i m i n a t o r .  and f u l l  g a i n .  Data was r e g i s t e r e d  a s  counts per minute and was 
p r in t ed  on a paper tape  a t  pre-se t  i n t e r v a l s .  Typically.  da ta  was co l l ec t ed  a t  0.5 
min in t e rva l s  f o r  2 minutes and a t  1 min i n t e r v a l s  t h e r e a f t e r  f o r  periods a s  long a8 
700 min. The c o a l  s l u r r y  was appl ied  a s  a uniform coa t ing  about 2.5 cm high around 
t h e  c e n t e r  o f  t h e  i n s i d e  of  a s t a n d a r d  g l a s s  l i q u i d  s c i n t i l l a t i o n  v i a l .  Blue 
(" indica t ing")  CaSO vas poured  i n t o  t h e  v i a l  t o  a d e p t h  of about  1 cm b e f o r e  
a p p l y i n g  t h e  c o a l  sku r ry .  The amount of  sample appl ied  t o  the  v i a l  was determined 
d i r e c t l y  by weighing. The t o t a l  sample weight ranged from 60 - 200 mg. o r  from 12  - 
40 mg coal.  The v i a l  conta in ing  the  sample and des iccant  was capped and wiped wi th  
a damp t i s s u e  b e f o r e  b e i n g  p l aced  i n  t h e  c o u n t i n g  w e l l .  The d e t e r m i n a t i o n  of 
background a c t i v i t y  and t h e  photon emission of t h e  coa l  s l u r r y  i n  the  absence of t he  
des iccant  was determined by omi t t ing  the  coa l .  t h e  desiccant.  o r  both. from t h e  v i a l  
before  monitoring the  photon emission. 

RESULTS AND DISCUSSION 

Figure 1 shows a p o r t i o n  of the  photon output  for the*82089 low ash coa l  which 
had heenmicronized f o r  2 hours (mean p a r t i c l e  s i z e  abou t  5 microns)  and was t h e n  
dehydrated wi th  CaS04 i n  a c losed  s c i n t i l l a t i o n  v i a l .  Figure 2 shows two addi t iona l  
t r i a l s  f o r  t h e  same c o a l  u s i n g  d i f f e r e n t  sample s i z e s .  It i s  apparent from the  
recorded counts p e r  minu te  t h a t  t r i b o l u m i n e s c e n c e  does  occur  i n  t h i s  c o a l  upon 
d e h y d r a t i o n .  These  g r a p h s  show t h a t  t h e  i n t e n s i t y  of t h e  maximum luminescence i s  
not a s  s ens i t i ve  t o  t h e  s i z e  of t h e  sample a s  t h e  t i m e  o f  d r y i n g  b e f o r e  on-se t  of 
t he  emission is. For t h e  87 mg and t h e  101 mg samples a small  emission occurs  a t  22 
and 37 .5  min. r e s p e c t i v e l y .  fo l lowed  by a l a r g e r  and a more gradual ly  decaying 

548 



1 

emission maximum a t  60  and 6 9 . 5  min. respec t ive ly .  For t h e  164  mg sample. only one 
emis s ion  peak was observed  and it  d i d  no t  occur  u n t i l  an elapsed drying time of 
105.5 min. The background, which i s  not shown on t h e  graphs. was 7.200 +/- 200 cpm 
throughout t he  period monitored. 

The s igni f icance  of t he  apparent delay i n  the  appearance of t h e  emission i s  not  
ce r t a in  a t  t h i s  time. The t i m e  p lo t t ed  on t h e  graphs has not been cor rec ted  f o r  t h e  
time which elapsed from t h e  prepara t ion  of  t h e  sample  t o  i n i t i a t i o n  of c o u n t i n g .  
However. t h i s  d i d  no t  va ry  from sample t o  sample by more than 2 - 3 minutes and 
c l ea r ly  does not accoun t  f o r  t h e  d i f f e r e n c e s  obse rved  f o r  t h e s e  samples .  With 
inc reased  sample s i z e  t h e r e  i s .  of course. more t o t a l  water present.  The moisture 
content a t  peak emission could not be determined f o r  t hese  samples. An a l t e r n a t i v e  
sample configuration. i n  which t h e  des iccant  i s  held i n  t h e  center  of t h e  v i a l  i n  a 
tube punctured wi th  holes. w i l l  be tea ted .  It i s  believed t h a t  such a conf igura t ion  
may dry t h e  coal more uniformly and w i l l  pe rmi t  t h e  d e s i c c a n t  t o  be removed and 
weighed a t  any t i m e .  It w i l l  then be poss ib l e  also t o  monitor t h e  change i n  weight 
of the  desiccant and of t h e  sample. permi t t ing  a c o r r e l a t i o n  t o  be made between t h e  
moisture content and photon emission. 

The decrease i n  t h e  i n t e n s i t y  of l i g h t  re leased  was expected t o  decrease a s  t h e  
f i l m  t h i c k n e s s  was i n c r e a s e d  because  of i n c r e a s e d  s e l f - a b s o r p t i o n  o r  increased  
sca t t e r ing .  The da ta  shows t h a t  t h i s  does occur. 

Figure 3 shows a s i m i l a r  p a t t e r n  of  d e c r e a s e d  i n t e n s i t y  and a longe r  t ime  
before the  onset of t he  photon emission with increas ing  sample s i z e  f o r  the  * 8 5 0 9 8  
high ash coal.  When t h e  same sample s i z e  (87  mg) was used f o r  bo th  c o a l s .  t h e  
in t ens i ty  of t he  f i r s t  emission peak i s  s u b s t a n t i a l l y  l a rge r  i n  t h e  high ash sample. 
wh i l e  t h e  i n t e n s i t y  of t h e  second emission peak i s  near ly  the  same f o r  both coa l s .  
Coyne reported t h a t  mul t ip le  peaks were f requent ly  obse rved  i n  TL measurements on  
kaol in i tes .  but appeared to  be only a r t i f a c t s  from non-uniform sample app l i ca t ion  or 
va r i a t ion  i n  p a r t i c l e  s i z e  d i s t r i b u t i o n  ( 4 ) .  There i s  no j u s t i f i c a t i o n  a t  t h i s  time 
f o r  d i s c o u n t i n g  t h e  s m a l l e r  emis s ion  peak obse rved  f o r  t h e s e  c o a l s .  however.  
Because of the  heterogeneous n a t u r e  of c o a l .  t h e  p o s s i b i l i t y  does  e x i s t  t h a t  TL 
r e l a t e d  t o  o r g a n i c  c o n s t i t u e n t s .  o r  adsorbed  gases .  a s  w e l l  a8 t o  i n o r g a n i c  
components i s  being observed. or  t h a t  TL r e l a t e d  t o  more t h a n  one  of  t h e  m i n e r a l  
cons t i t uen t s  i s  giving r i s e  t o  a second emission s igna l .  Additional d a t a  a r e  needed 
t o  r u l e  o u t  any of t h e s e  p o s s i b i l i t i e a  and t o  draw a d e f i n i t e  c o r r e l a t i o n  between 
t h e  f i r s t  emission peak and t h e  ash content of t h e  coa l .  

Table 111 summarizes the  da t a  from samples  o b t a i n e d  by wi thdrawing  a l i q u o t 8  
from the  s t t r i t o r  m i l l  a t  timed in t e rva l s .  

Table 111 

Effec t  of Mill ing on Duration 6 In t ens i ty  of Luminescence of High Ash Coal 

M i l  1 ing  Sample Area Duration CPM 
time, min. W t . .  mg under peak of peak, min. a t  max. 

( t ime t o  max.) 

8 99 
16 99 
32 80 
6 4  80 

128 125 

a2 
81 
6 8  
43 
17 

6 3  ( 3 1 )  22.490 
3 2  ( 4 2 )  20.110 
39 ( 3 0 )  24.180 
28 (18) 25.400 
22 (20) 13.420 

There does  no t  appear  t o  be any d i r e c t  c o r r e l a t i o n  between the  t o t a l  mi l l i ng  time 
and e i t h e r  t he  time of onse t  of t h e  l i g h t  e m i s s i o n  o r  t h e  i n t e n s i t y  of  t h e  l i g h t  
re leased  a t  t he  peak maxima. It i s  apparent. however. t h a t  t h e  o v e r a l l  dura t ion  of 
t h e  emission i s  r e l a t ed  t o  some property of t h e  coa l  a f f ec t ed  by t h e  m i l l i n g  t i m e .  
Our o r i g i n a l  h y p o t h e s i s  was t h a t  t h e  dehydra t ion  was i n i t i a t i n g  TL by permi t t ing  
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some "relaxation" i n  t h e  coa l  s t ruc tu re .  perhaps pore shr inkage.  and t h a t  TL would 
b e  maximized a t  some c r i t i c a l  p a r t i c l e  s i ze .  Table I1 shows t h a t  a f t e r  4 minutes 
mil l ing t i m e  v i r t u a l l y  a l l  o f  t h e  coa l  has been r educed  t o  -325 mesh ( l e s s  t han  5 
microns ) .  Thus,  p a r t i c l e  s i z e  a lone can not  be giving r i s e  t o  t h e  photon emission 
pa t t e rn  recorded f o r  t h e s e  samples .  The most  unexpec ted  o b s e r v a t i o n  about  t h e  
e f f e c t  of  m i l l i n g  o n  c o a l  i s  t h e  a l t e r a t i o n  of i t s  apparent dens i ty  with extended 
mill ing.  It  was r epor t ed  t h a t  a f t e r  4 m i n u t e s  m i l l i n g  more t h a n  50% of  t h e  c o a l  
s i n k s  i n  a 1.3 s p e c i c  g r a v i t y  media ( 7 ) .  The discussion and t h e  explanation for 
t hese  observat ions i s  t h e  s u b j e c t  o f  a n o t h e r  s t u d y  b e i n g  c a r r i e d  o u t  a t  Western 
Kentucky U n i v e r s i t y .  For t h i s  i n v e s t i g a t i o n .  i t  i s  c l e a r  t h a t  t h e  observed TL 
behavior i s  not r e l a t e d  t o  t h e  i n t e r n a l  pore s t ruc tu re .  which i s  r ap id ly  compressed 
and almost completely destroyed by mi l l i ng  longer than 1 5  minutes (7 ) .  

CONCLUSIONS 

To d a t e  t h i s  study has shown t h a t  coa l  e x h i b i t s  t r iboluminescent  behavior when 
an aqueous s l u r r y  i s  subjected t o  dehydration. The luminescence  d a t a  i s  complex. 
Both t h e  h i g h  a s h  and  t h e  low ash  c o a l  exh ib i t ed  a delayed bu r s t  of  photons. I n ,  
some c a s e s  o n l y  one  e m i s s i o n  maximum was o b s e r v e d  w h i c h  c o n t i n u e d  t o  d e c a y  
mono ton ica l ly  f o r  s e v e r a l  hour s .  The t ime and t h e  i n t e n s i t y  of t he  emission were 
r e l a t ed  t o  t h e  sample s ize .  and may be a t t r i b u t e d  t o  t h e  t o t a l  moisture  content.  In 
o the r  cases. two d i s t i n c t  emission events  were observed. Both peaks  were a f f e c t e d  
by t h e  sample s i z e .  Although it has been reported t h a t  extended mi l l i ng  e f f ec t ive ly  
d e s t r o y s  t h e  p o r e  s t r u c t u r e .  tr iboluminescence i s  not  eliminated when the  coal  is 
micronized. This suggests  t h a t  t h e  observed TL i s  a su r face  phenomenon r a the r  than 
one  r e l a t e d  t o  a l t e r a t i o n  of t h e  pore s t r u c t u r e .  No c l e a r  c o r r e l a t i o n  can be made 
regarding t h e  e f f e c t  o f  ash content on tr iboluminescence i n  coa l .  Work in  progress 
w i l l  address both t h e  e f f e c t  of ash content  and t h e  e f f e c t  of v a r i a t i o n s  i n  moisture 
c o n t e n t  on TL b e h a v i o r  i n  more d e t a i l .  The determinat ion of t h e  wavelenght(6) of 
photons emitted w i l l  a l s o  be attempted. 
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Table 1 

Characterization of Coals 

82089 85098 
Butler Co. KY #ll/Muhlenburg Co. 

* 
I . D .  
Seam/ County 

Proximate 

Moisture 
Ash 
Volatile matter 
Fixed carbon 

U1 t ima te 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen(diff .) 

Apparent rank 
Major Inorganics 

** 

*** 

sioz 
CaO 
Fe203 

K O  

A1203 

Mgo 

4 0 5  

5.8 
3.17 
45.25 
51.57 

4.31 
18.96 
34.72 
46.30 

79.09 63.22 
5.73 4.35 
1.6 1.28 
1.08 5.96 
9.3 6.19 

hvB-B hvB-A 

19.93 
2.76 
32.42 
1.51 
1.13 
7.8 

(33-est .) 

* 
** 

*** 

Accession, WKU Center for Coal Science 
Moisture as-determined; other values reported on dry basis 

Using as-determined moisture 
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C H A R A C T E R I Z A T I O N  OF A RESINITE M A C E R A L  FRACTION 
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INTRODUCTION 

R e s i n i t e  i n  c o a l s  i s  a t t r i b u t e d  t o  p l a n t  r e s i n s  and e s s e n t i a l  o i l s  
i n  l e a v e s  which a r e  c o n v e r t e d  d u r i n g  c o a l i f i c a t i o n  t o  s p h e r i c a l  o r  o v a l  
s h a p e d  b o d i e s  and  o c c a s i o n a l l y  l e n s e s  o r  t h i n  bands of f l u o r e s c i n g  
m a t e r i a l  ( 1 ) .  C h e m i c a l l y ,  t h e  r e s i n s  c o n s i s t  o f  t e r p e n o i d  s t r u c t u r e s  
( 2 ) .  R e s i n i t e  i s  o f t e n  found i n  T e r t i a r y  brown c o a l s  and is  even found 
i n  C a r b o n i f e r o u s  b i t u m i n o u s  c o a l s  ( 1 ) .  R e f l e c t a n c e ,  r e f r a c t i v e  i n d e x ,  
f l u o r e s c e n c e  wave leng th  and o t h e r  o p t i c a l  p r o p e r t i e s  vary w i t h  o r i g i n  
o f  t h e  r e s i n s  a n d  t h e  d e g r e e  o f  m a t u r a t i o n .  The  o b s e r v a t i o n  o f  
r e s i n i t e s  i n  c e l l  f i l l i n g s  i n d i c a t e s  t h a t  a t  some p o i n t  i n  t h e  c o a l i f i -  
c a t i o n  p r o c e s s ,  t h e  r e s i n i t e  i s  r e l a t i v e l y  f l u i d .  I n  t h e  L o w e r  
C r e t a c e o u s  p e r i o d ,  c o n i f e r s  were a s o u r c e  of  resins f o r  i n c o r p o r a t i o n  
i n t o  c o a l .  I n  t h e  Upper  C r e t a c e o u s  p e r i o d ,  a n g i o s p e r m s  which  a r e  
r i c h e r  i n  waxes began t o  a p p e a r  and  c o a l s  o f  t h i s  p e r i o d  would c o n t a i n  
r e l a t i v e l y  more w a x  and l e s s  r e s i n i t e .  

I n  a s t u d y  of t h e  s w e l l i n g  o f  c o a l  m a c e r a l s  i n  o r g a n i c  s o l v e n t s ,  a 
r e s i n i t e  m a c e r a l  f r a c t i o n  was  s e p a r a t e d  f r o m  H i a w a t h a ,  U tah  c o a l .  
H i a w a t h a  c o a l  i s  f rom t h e  Wzsatch P l a t e a u  f i e l d ,  and d a t e s  from t h e  
C r e t a c e o u s  p e r i o d .  C o a l s  of t h e  Wasatch P l a t e a u  a r e  r e l a t i v e l y  r i c h  i n  
r e s i n i t e .  As p a r t  o f  t h e  s t u d y  of  m a c e r a l  s w e l l i n g ,  t h e  p r o p e r t i e s  o f  
t h e  r e s i n i t e  f r a c t i o n  were measured .  

E X P E R I M E N T A L  

Macera l  f r a c t i o n s  were  p r e p a r e d  by d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  
a c c o r d i n g  t o  t h e  m e t h o d  o f  D y r k a c z  a n d  H o r w i t z  (3). The  c o a l  was 
ground i n  a b a l l  m i l l  and t h e n  i n  a f l u i d  ene rgy  m i l l  u n t i l  t h e  s i z e  
was reduced  t o  l e s s  t h a n  1 0  mic rons .  The sample  was d e m i n e r a l i z e d  w i t h  
H C 1  and  HF and  i n t r o d u c e d  i n t o  t h e  d e n s i t y  g r a d i e n t  p r e p a r e d  from 
aqueous  C s C 1 .  A f t e r  c e n t r i f u g a t i o n ,  t h e  g r a d i e n t  was d i s p l a c e d  by a 
h e a v y  f l u i d  a n d  f r a c t i o n s  o f  d i f f e r e n t  d e n s i t y  were c o l l e c t e d  i n  a 
f r a c t i o n  c o l l e c t o r .  A s a m p l e  o b t a i n e d  by c o m m e r c i a l  f l o t a t i o n  o f  
l a r g e r  r e s i n i t e  p a r t i c l e s  was a l s o  used  i n  th is  s t u d y .  

S o l u b i l i t i e s  w e r e  m e a s u r e d  i n  o r g a n i c  s o l v e n t s  i n  S o x h l e t  
e x t r a c t o r s  a t  t h e  b o i l i n g  p o i n t  of  t h e  s o l v e n t .  S w e l l i n g  o f  t h e  whole 
c o a l  s amples  was measured by t h e  method o f  Green  e t  a l .  (4). Coal  was 
c e n t r i f u g e d ,  s o l v e n t  added and a l l o w e d  t o  come t o  e q u i l i b r i u m  and t h e  
sample  w a s  a g a i n  c e n t r i f u g e d .  The i n c r e a s e  i n  t h e  h e i g h t  o f  t h e  column 
of c o a l  was used  a s  a measure  of s w e l l i n g .  

RESULTS A N D  DISCUSSION 

P r o p e r t i e s  o f  Hiawatha  c o a l  and t h e  r e s i n i t e  f r a c t i o n  s e p a r a t e d  
from Hiawatha c o a l  a r e  l i s t e d  i n  t a b l e  1 .  The c o a l  is a h i g h  v o l a t i l e  
b i tuminous  B c o a l .  R e s i n  p a r t i c l e s  a r e  v i s i b l e  i n  t h e  raw c o a l  l u m p s .  
P e t r o g r a p h i c  a n a l y s i s  i n d i c a t e s  t h a t  r e s i n i t e  compr i se s  11 p e r c e n t  o f  
t h e  c o a l .  The  d e n s i t y  d i s t r i b u t i o n  of  t h e  Hiawatha  c o a l  i s  shown i n  
f i g u r e  1 .  The r e s i n i t e  f r a c t i o n  does  n o t  show a s  a d i s t i n c t  p e a k ,  
a l t h o u g h  t h e  m a t e r i a l  w i t h  a d e n s i t y  l e s s  t h a t  1 .10  g/cm3 r e p r e s e n t s  
a b o u t  11% of t h e  t o t a l  s ample  and has  t h e  a p p e a r a n c e  and p r o p e r t i e s  of  

554 



r e s i n i t e .  The d e n s i t y  d i s t r i b u t i o n  o f  a r e s i n i t e  s ample  o b t a i n e d  by 
f l o t a t i o n  i s  a l s o  shown i n  f i g u r e  1 .  The sample  shows a narrow d e n s i t y  
d i s t r i b u t i o n  of 1 . 0 1  t o  1 . 0 5  g / c d  and a n  a v e r a g e  d e n s i t y  o f  a b o u t  1 . 0 4  
g / c d .  T h i s  d i f f e r s  s i g n i f i c a n t l y  from t h e  v i t r i n i t e  d e n s i t y  o f  a b o u t  
1 . 2 8  g / c d  f o r  Hiawatha c o a l  and e x i n i t e  d e n s i t i e s  o f  1 . 1 6  g/cm3 f o r  
b i t u m i n i t e  and 1.19 g/cm3 f o r  s p o r i n i t e  measured i n  o t h e r  c o a l s .  

Hiawatha c o a l  shows t h e  t y p i c a l .  swel l . ing b e h a v i o r  o f  b i t u m i n o u s  
c o a l s .  Maximum s w e l l i n g  was o b s e r v e d  i n  p y r i d i n e  and a b imoda l  c u r v e  
was o b t a i n e d  when s w e l l i n g  was p l o t t e d  v e r s u s  s o l u b i l i t y  p a r a m e t e r  
The second  maximum i n  TllF a t  a s o l u b i l i t y  p a r a m e t e r  o f  a b o u t  1 9  MPal/> 
is a t t r i b u t e d  t o  s o l v a t i o n  o f  t h e  macromolecu la r  s t r u c t u r e  of t h e  c o a l  
w i t h  an i n c r e a s e  i n  hydrodynamic volume w h i l e  t h e  s w e l l i n g  i n  p y r i d i n e  
is a s s o c i a t e d  w i t h  c l e a v a g e  o f  hydrogen bonds which s e r v e  a s  c r o s s l i n k s  
a n d  l i m i t  c o a l  s w e l l i n g  ( 5 ) .  T h e  r e s i n i t e  f r a c t i o n  s h o w s  a h i g h  
s o l u b i l i t y  i n  s o l v e n t s  w i t h  s o l u b i l i t y  p a r a m e t e r s  i n  t h e  r a n g e  15 t o  20 
?IPa1I2. The s o l u b i l i t y  is shown i f  f i g u r e  2 .  S o l u b i l i t y  is h i g h  i n  
non-po la r  and m o d e r a t e l y  p o l a r  s o l v e n t s ,  b u t  is v e r y  low i n  p y r i d i n e  o r  
m e t h a n o l .  A l t h o u g h  t h e  r e s i n i t e  c o m p r i s e s  1 1 %  o f  t h e  w h o l e  c o a l  
s ample ,  s o l u b i l i t y  of t h e  c o a l  i n  t h e  non-po la r  s o l v e n t s  is  l e s s  t h a n  
1 1 % .  

M u r c h i s o n  ( 6 )  s t u d i e d  a g r o u p  o f  hand-p icked  r e s i n i t e  s amples .  
Samples  f rom b i t u m i n o u s  c o a l s  showed  c a r b o n  c o n t e n t s  o f  t h e  r a n g e  
o b s e r v e d  f o r  t h e  H i a w a t h a  r e s i n i t e ,  b u t  h y d r o g e n  c o n t e n t s  w e r e  
s i g n i f i c a n t l y  l e s s ,  7-92 c o m p a r e d  t o  1 2 4 .  T h e  h y d r o g e n  t o  c a r b o n  
r a t i o s  were 1 .04  t o  1 .35  compared t o  1 .72  f o r  t h e  Hiawatha r e s i n i t e .  
Oxygen c o n t e n t s  w e r e  a b o u t  d o u b l e  t h a t  o b s e r v e d  i n  t h e  H i a w a t h a  
r e s i n i t e .  I n f r a r e d  s p e c t r a  o f  t h e  r e s i n i t e  f r a c t i o n  shows s t r o n g  
a b s o r p t i o n  due t o  a l i p h a t i c  C - H  s p e c i e s  i n  t h e  r a n g e  2800-3000 cm-l.  
S h a r p  bands a r e  obse rved  a t  1370 and 1450 cm-l ,  a t t r i b u t e d  t o  a l i p h a t i c  
s t r u c t u r e s .  Only s l i g h t  a b s o r p t i o n  is o b s e r v e d  from t h e  0-H g roup  a t  
3 3 0 0  cm- l .  A b r o a d  a b s o r p t i o n  o c c u r s  a t  1600 cm-l and more i n t e n s e  
a b s o r p t i o n  a t  1700 - 1750 cm-l.  Broad a b s o r p t i o n  a l s o  o c c u r s  a t  1000- 
1200 cm-l.  The s p e c t r a  is  i n  ag reemen t  w i t h  t h e  h i g h  hydrogen  c o n t e n t  
which i n d i c a t e s  an  a l i p h a t i c  s t r u c t u r e .  

T h e r m a l  g r a v i m e t r i c  a n a l y s i s  shows w e i g h t  l o s s  s t a r t i n g  a t  275C 
and a maximum r a t e  of  w e i g h t  l o s s  a t  440C. The w e i g h t  l o s s  t o  7000C 
was 8 6 8 ,  l e s s  t h a n  t h e  o b s e r v e d  v o l a t i l e  m a t t e r  c o n t e n t .  P y r o l y s i s  o f  
t h e  w h o l e  c o a l  s a m p l e s  shows l o s s  of  t h e  f l u o r e s c i n g  r e s i n i t e  a f t e r  
h e a t i n g  t o  t h e  r a n g e  400 t o  450C i n  n i t r o g e n  ( 7 ) .  H e a t i n g  i n  hydrogen 
d e c r e a s e s  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  r e s i n i t e  f l u o r e s c e n c e  
d i s a p p e a r s .  

CONCLUSIONS 

R e l a t i v e l y  p u r e  r e s i n i t e  f r a c t i o n s  c a n  b e  r e c o v e r e d  f r o m  c o a l  
u s i n g  t h e  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  t e c h n i q u e .  The  r e s i n i t e  
s e p a r a t e d  from Hiawa tha ,  Utah c o a l  i s  h i g h l y  a l i p h a t i c .  The c h e m i c a l  
s t r u c t u r e  of t h i s  r e s i n i t e  a p p e a r s  t o  be d i f f e r e n t  f rom t h o s e  o f  amber 
and r e s i n i t e s  f rom b i t u m i n o u s  c o a l s  and l i g n i t e s  s e p a r a t e d  and  s t u d i e d  
by Murchison ( 6 ) ,  a l t h o u g h  some o f  t h e  d i f f e r e n c e s  may be a t t r i b u t e d  t o  
p u r i t y  o f  t h e  samples .  The u n i q u e  p r o p e r t i e s  o f  t h e  r e s i n i t e  a c c o u n t  
f o r  i t s  u s e  a s  a chemica l .  
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T a b l e  1.  P r o p e r t i e s  o f  H iawa tha  Coal  
and R e s i n i t e  Mace ra l  F r a c t i o n  

f i iawatha C o a l  R e s i n i  t e  F r a c t i o n  

Carbon,  maf % 
Hydrogen, maf 2 
N i t r o g e n ,  maf I 
S u l f u r ,  maf X 
Oxygen, % ( d i f f e r e n c e )  
H / C ,  a t o m i c  r a t i o  
M o i s t u r e ,  I 
Ash ,  I 
V o l a t i l e  M a t t e r ,  % 
H e a t i n g  V a l u e ,  B t u / l b  
V i t r i n i t e  R e f l e c t a n c e ,  'x 
P e t r o g r a p h i c  A n a l y s i s  

V i t r i n i t e ,  Z 
S e m i f u s i n i t e ,  % 
F u s i n i t e ,  I 
M a c r i n i t e ,  I 
S p o r i n i t e ,  % 
R e s i n i t e ,  % 
C u t i n i t e ,  % 

77.6 
6 . 4  
1 . 4  
1.2 

13.4 
0.99 
1.6 

19.4 
36.5 

13,917 
0.48 

75.7 
4 .O 
0.7 
6.2 
0.6 

11 .o 
1 .8 

83.7 
12.0 
0 .4  

3 .9 
1.72 
0.3 
0.5 

93.9 
18,095 
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OXIDATIONS OF COALS AT AMBIENT TEMPERATURES 

Frank R. Mayo 

SRI I n t e r n a t i o n a l .  Menlo Park,  C a l i f o r n i a  94025 

INTRODUCTION 

Th i s  paper extends t h e  work of L i o t t a ,  Brons, and I aaacs  (1) on t he  weathering o f  
coal .  They crushed freshly-mined I l l i n o i s  No. 6 Coal (Monterrey Mine) t o  a maximum s i z e  
of 6.4 mm, spread i t  over  the ground, and allowed it t o  weather with d a i l y  mixing. 
Samples were removed p e r i o d i c a l l y  and Soxhlet-extracted with te t rahydrofuran.  The amount 
e x t r a c t e d  (dmmf b a s i s )  decreased from 21.3% at  zero t ime t o  14.5% a t  56 days and then d i d  
not  change f u r t h e r .  During t h e  exposure,  the d m f  carbon content  of t h e  coa l  decreased 
from 69.3 t o  66.9% and i t s  oxygen content  increased from 9.0 t o  11.3%. No new carbonyl  
groups were found by F T I R  and the  phenol and carboxyl  con ten t s  did not change. The 
au tho r s  propose t h a t  f r e e  a l k y l  r a d i c a l s  r e a c t  with nearby hydroperoxide groups to g ive  
e t h e r  c r o s s l i n k s  and hydroxyl r a d i c a l s .  However, t he  a l k y l  r a d i c a l s  should r e a c t  much 
f a s t e r  with oxygen than wi th  coa l .  This  paper desc r ibes  some r e l a t e d  experiments done t o  
o b t a i n  ma te r i a l  balances and b e t t e r  c o n t r o l  of condi t ions.  

EXPERIMENTAL 

I n  my work samples of about  5 g of c o a l  were exposed i n  Pyrex-covered P e t r i e  d i shes  
( a r e a  61  cm2) e i t h e r  in a dark cahinet  a t  23°C or  to  ambient temperatures  on t he  roof of 
t h e  l abora to ry .  For a dens i ty  of 1.35 g/crn3, t h e  average thickness  of t he  coa l  l aye r s  was 
-0.6 mm. The samples on the roof were a l s o  covered by a Pyrex beaker f o r  r a i n  p r o t e c t i o n  
and were a g i t a t e d  about  twice a week. Each sample su f fe red  a loss from a wind gus t  during 
a g i t a t i o n .  To measure changes i n  carbon and oxygen con ten t s ,  1 then had t o  assume t h a t  
t h e r e  was no change i n  mineral  mat ter  during exposure. One coa l  was 100-200 Tyler  mesh 
I l l i n o i s  No. 6 ,  Herr in  Mine, PSOC 1098; t he  o t h e r  was -200 mesh from t h e  Wyodak Mine a t  
Cambell, Wyoming. In gene ra l ,  t he  ana lyses  r epor t ed  a r e  on coa l  samples d r i ed  over 
anhydrous calcium s u l f a t e  a t  about  2000 Pa  (15 t o r r )  and room temperature ,  but the oxida- 
t i o n s  were done at  ambient humidi t ies .  

The remaining oxidized c o a l s  a r e  similar t o  the i n i t i a l  coa l s .  The probe chosen was 
the  s o l u b i l i t i e s  of t h e  c o a l s  i n  pyridine ( 1  day e x t r a c t i o n  a t  100OC) and benzylamine (1 
week e x t r a c t i o n  a t  100°C) as i n  another  paper.(2) Most of the so lven t s  from t h e  so lub le  
and in so lub le  coal  f r a c t i o n s  were removed a t  reduced pressure.  The r e s idues  were then  
neu t r a l i zed  wi th  aqueous HC1,  washed t h r e e  t imes each wi th  3 M HC1 and 3 M NH3 and d r i ed  
a s  i nd ica t ed  previously.  The washings removed about ha l f  of t he  mineral  mat ter  but caused 
no s i g n i f i c a n t  change i n  the o rgan ic  mater ia l . (Z)  

RESULTS 

Analyses of t he  aged and unaged c o a l s  a r e  i n  Table 1 with oxygen and s u l f u r  t oge the r  
determined by d i f f e r e n c e  (1.55% organic  S i n  I l l i n o i s  6 ,  0.45% i n  Wyodak). Weight changes 
a r e  shown i n  Figure 1. The f i g u r e  shows t h a t  t h e r e  was l i t t l e  change during t h e  cool and 
cloudy season but  t h a t  change was r e l a t i v e l y  f a s t  during c l e a r ,  warm weather.  

Table 2 shows t h e  weight changes normalized t o  100 g of i n i t i a l  c o a l  and a l s o  shows 
the  carbon con ten t s  of t h e  coa l s .  I n  311 days i n  the dark a t  23OC, I l l i n o i s  No. 6 coa l  
lost  about 0.14% of i t s  o r i g i n a l  weight and 0.90% of i t s  o r i g i n a l  carbon. 
1.5% of its weight and 5.2% of i ts  carbon. However, i n  282 days t o  s u n l i g h t ,  t h e  I l l i n o i s  

Wyodak l o s t  
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c o a l  l o s t  17% of i ts  weight and 23% of its o r i g i n a l  carbon. The corresponding numbers f o r  
Wyodak coa l  a r e  26% of i ts  weight ,  15% of its carbon. In t h e  l i g h t  experiments ,  t he  
c a l c u l a t i o n s  assume t h a t  t he re  was no change i n  mineral  matter during exposure.  Nei ther  
sample changed much i n  t o t a l  0 + S content .  These r e s u l t s  show t h a t  both moderately d r i e d  
c o a l s ,  and e s p e c i a l l y  t h e  I l l i n o i s  coa l ,  are f a i r l y  s t a b l e  t o  ambient a i r  i n  t h e  dark at 
room temperature but t h a t  both are uns t ab le  i n  sun l igh t .  

Because coa l  temperatures i n  s u n l i g h t  sometimes reached 60°C (annual  average about  
15'). an  e f f o r t  was made t o  e s t ima te  t h e  e f f e c t  of s o l a r  hea t ing  on t h e  l i g h t  
ox ida t ions .  The temperature of a t h i n  f i l m  of coa l  i n  s u n l i g h t  under Pyrex was  measured 
on a warm (no t  hot)  day i n  May. The maximum temperature  reached was 58.3"C and the  
temperature  exceeded 50°C f o r  about 5 hours.  The maximum temperature  i n  the  shade w a s  
29'C and the  temperature exceeded 25" f o r  6 hours .  To determine the  e f f e c t  of hea t  a lone  
on ox ida t ion ,  about 2 g of each coa l  was a l s o  exposed t o  a i r  wi th  weekly a i r  changes i n  
Pyrex f l a s k s  i n  a brown g l a s s  b o t t l e  i n  a thermostat  a t  60°C. 
show t h a t  continuous hea t ing  i n  t h e  dark a t  60" caused weight l o s s e s  t h a t  were much 
smaller  than those i n  sun l igh t  with temperatures  above 50' f o r  only 4-6 hours on most 
days. Thus, t he  weight l o s s e s  i n  s u n l i g h t  a r e  due mostly t o  l i g h t ,  not  h ighe r  
temperatures.  

F igu re  1 and Tab les  1 and 2 

Table  2 a l s o  l ists  the  s o l u b i l i t i e s  of t h e  i n i t i a l  c o a l s  and t h e i r  ox ida t ion  products  
i n  py r id ine  and benzylamine, a f t e r  c o r r e c t i o n  f o r  excess  ni t rogen.(2)  Some of these cor- 
r ec t ed  carbon contents  a r e  too high f o r  reasons unknown. Our previous work(2) shows t h a t  
py r id ine  p a r t l y  d i s so lves  c o a l s  a t  100' without  chemical r e a c t i o n  and t h a t  benzylamine 
d i s s o l v e s  a d d i t i o n a l  coa l  t o  t h e  e x t e n t  t h a t  i t  c l eaves  e s t e r  and e t h e r  groups.  Thus, t h e  
changes i n  s o l u b i l i t y  on aging are a measure of chain s c i s s i o n  and c r o s s l i n k i n g  i n  t h e  
su rv iv ing  coa l .  In comparison with the  unaged c o a l s ,  t h e  changes a r e  small  t o  moderate. 
The s o l u b i l i t y  d i f f e rences  between t h e  unaged coa l s  and those  aged i n  the  dark a r e  small 
and i n s i g n i f i c a n t ;  l i t t l e  ox ida t ion  occurred.  However, i n  comparison with t h e  unaged 
coa l s ,  t he  l ight-aged coa l s  g ive  lower r ecove r i e s  of carbon on e x t r a c t i o n ,  probably 
because of g rea t e r  l o s ses  of v o l a t i l e  or water-soluble  products .  The second number i n  
some carbon r ecove r i e s  counts t h i s  missing carbon as so lub le  carbon. 

DISCUSSION 

A simple and reasonalbe exp lana t ion  of my l i g h t  r e s u l t s  is  t h a t  my ox ida t ions  caused 
success ive  oxidat ion,  pho to lys i s ,  and evaporat ion of o u t s i d e  l a y e r s  of coa l  p a r t i c l e s .  
Pene t r a t ion  of l i g h t  i n t o  the  coa l  p a r t i c l e s  is  appa ren t ly  seve re ly  l i m i t e d  and the re  was 
l i t t l e  change i n  the  unexposed coa l  u n t i l  it became exposed. I cannot e x p l a i n  the  
c e s s a t i o n  oL change a f t e r  56 days i n  the ox ida t ion  of L i o t t a  e t  a l . ( l )  The i r  l a r g e  
p a r t i c l e s  and sample s i z e s  and l i m i t e d  p e n e t r a t i o n  of l i g h t  suggest  t h a t  much of t h e i r  
ox ida t ion  was a thermal dark r eac t ion .  

My r e s u l t s  with ox ida t ions  of d r i e d  c o a l s  a t  ambient humid i t i e s  may seem i n c o n s i s t e n t  
with the  well-known spontaneous hea t ing  and combustion of c o a l  i n  s torage.(3,4)  I suggest  
some poss ib l e  explanat ions:  mild drying decreased t h e  o x i d i z a b i l i t y  of my c o a l ;  L i o t t a  
has  suggested t h a t  water causes  ox ida t ion  of p y r i t e  t o  i r o n  s u l f a t e s ,  which may c a t a l y z e  
oxidat ion.  Both a much f a s t e r  spontaneous ox ida t ion  than  mine and l i m i t e d  h e a t  l o s s  
appear t o  be necessary t o  account f o r  spontaneous combustion i n  s to rage .  It follows t h a t  
moderate drying of coa l  and p r o t e c t i o n  from r a i n  might e l i m i n a t e  combustion i n  s to rage .  
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Coala 

Unaged 
PS 
P I  
BS 
B I  

PS 
P I  
BS 
B I  

Aged in dark 

Aged a t  60' 
Aged i n  l i g h t  

PS 
P I  
BS 
B I  

Unaged 
PS 
P I  
BS 
B I  

PS 
P I  
BS 
B I  

Aged in dark 

Aged a t  60' 
Aged in l i g h t  

PS 

P I  
BS 
B I  

NH3-s 

%C 

67 .O 
80.2 
68 -6 
79 .o 
65.5 
66 - 5  
79.1 
67.4 
75.2 
67 -6 
66.2 
62.2 
76.8 
65.7 
80.6 
66 -0 

65.1 
77.2 
63  -9 
75.4 
69.9 
62.6 
76.8 
64.8 
77.1 
70.5 
64.2 
60.7 
74.6 
59.6 
60.8 
76.4 
67.9 

Table 1 

ANALYSES OF COAL PRODUCTS 

%H 4N %(s+o) 

I l l i n o i s  No. 6 

4.59 
6.10 
4.53 
5.72 
4.52 
4.54 
6 .OO 
4.52 
5.63 
4.61 
4.12 
4 -08 
5.93 
4.31 
6.04 
4.46 

4.70 
7.77 
4.43 
6 -44 
5.14 
4.53 
8 .a7 
4.56 
6 -42 
5.14 
4.22 
4.07 
9.18 
6.35 
4 -15 
6.13 
4 .85 

1.22 
1.98 
1.89 
2.58 
2.21 
1.18 
2.46 
1.86 
3.93 
2.10 
1.18 
0.94 
1.66 
2.06 
3.85 
2.75 

Wyodak 

0.92 
2.18 
2 .88 
3.61 
3.65 
0.83 
0.78 
2.50 
4.20 
3.79 
0.80 
0.89 
1.08 
4.97 
3.13 
4.92 
4.10 

%Mm 

7.9 19.3 
11.7b 
25 .O 
12.7 
27.8 

8.5 19.4 
12.4 
26.2 
15.3 
25.7 

9.1 19.4 
9.5 23.3 

15.6 
28 .O 

9.5 
26.8 

20.5 8.8 
12 -8 
28.8 
14.5 
21.3 

23.1 8.9 
13.6 
28.1 
12.3 
20.6 

21.8 9 .o 
24.4 9.9 

15.2 
29.1 
31  -9 
12 -5 
23.2 

'P-pyridine; %benzylamine; S=soluble; I= inso lub le  
bNumbers in t h i s  column are S + 0 + M by d i f f e rence  from C + B + N. 
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H I C  

0.817 

0.814 

0.742 
0.782 

0 A 6 0  

0.862 

0.783 
0.860 



g coa1,g C,  X 

PS 

PI  

BS 

B I  

g coa1.g C ,  X 

PS 

PI 

Nfl_?-SC 

BS 

B I  

I l l i n o i s  
Wyodak 

Table 2 

Ext rac t ions  of I l l i n o i s  No. 6 and Wyodak Coals a t  1OOOC 

Normalized t o  100 g coa l ;  co r rec t ed  f o r  excess n i t rogen  

I l l i n o i s  Coal 

311 days i n  dark a t  23" Unaged 282 days i n  sun l igh t  

99.9 66.4 99.1a 100 67.0 100a 82.7 

Extrac ted  24 hours wi th  pyr id ine  

12.0 9.5 14.3 11.7 9.4 14.0 6.5 

90.6 60.8 91.4 91.5 62.4 93.2 91.4 

Extrac ted  1 week with Benzylamine 

33.1 24.5 36.2-37.0b 35.3 28.0 41.8 29.1 

62.8 41.8 62.6 61.4 39.5 59.0 58.4 

Wyodak c o a l  

98.5 61.7 94da 100 65.1 100a 90.7 

Extrac ted  24 hours wi th  py r id ine  

4.6 3.5 5.6-15.gb 5.84 4.51 6.9-19.Zb 6.8 
82.8 52.6 84.1 84.4 52.6 80.8 77.0 
0.81 0.48 0.78 4.6 

Extrac ted  1 week with Benzylamine 

19.9 15.2 24.2-33.gb 17.2 12.8 19.7-28.4b 28.6 

61.2 41.4 66.1 69.3 46.6 71.6 52.0 

Aged 35 days i n  dark  a t  60' 

99.6 66.0 98.5 
97.8 62.8 96.5 

%e three  numbers i n  each group a r e ,  r e spec t ive ly ,  the  recovery of c o a l  
i n  grams, recovery of carbon i n  grams, and the  X recovery of carbon, 
on t he  basis of o r i g i n a l  carbon f o r  l i n e s  marked a but on t he  weights 
o r  C conten ts  of the  5 l i n e s  f o r  o the r  l i n e s .  

kast number of p a i r  counts  missing carbon as so lub le  ma te r i a l .  

cSoluble i n  3M aqueous NR3; ca lcu la t ed  on basis t h a t  excess N comes from 
NH . This product is included in the  PS f r a c t i o n s  above; dark  products 
ca l cu la t ed  from ana lys i s  for l i g h t  products.  
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5.0 

59.3 

23.6 
37.4 

55.1 

4.4 
45 .O 
2.8 

21.4 

33 - 2  
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FIGURE 1 WEIGHT CHANGES OF COALS IN THE DARK AT 23'C 
AND IN OUTSIDE EXPOSURE AT 0 - 60-C 
Dates refer only IO light experiments. 
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USE OF SEM WITH WAVELENGTH-DISPERSIVE SPECTROMETRY FOR ORGANIC OXYGEN 
IN COAL 

G .  A. Norton, K. A. Younkin, W. E. Straszheim, and R. Markuszewski 

Ames Laboratory, Iowa State University, Ames, ~ o w a  50011 

ABSTRACT 

Scanning electron microscopy (SEM) and wavelength-dispersive 
spectrometry (WDS) were used to determine organic oxygen in four geo- 
graphically diverse coals and in amber. Subsequent to the previously 
reported feasibility study, analytical modifications and refinements in 
sample handling and preparation were made. In addition, the precision 
of the SEM-WDS analyses was examined. SEN-WDS results were comparable 
to values obtained by neutron activation and by the indirect ASTM pro- 
cedure for one coal, while significant discrepancies were observed for 
the other coals and the amber. Preliminary results suggest that.the 
discrepancies may be caused by the electron beam, which possibly vola- 
tilizes oxygen-containing compounds in some of the samples analyzed by 
this SEM technique. Results also indicated that additional work is re- 
quired to reduce matrix correction factors. 

INTRODUCTION 

Organic oxygen in coal is an important measure of coal quality, and 
thus it is determined as an integral part of routine coal analyses. A 
variety of techniques, including oxidative, reductive, and radiochemi- 
cal methods, have been employed for directly determining the oxygen 
content of coal. The oxidative procedures, which generally use gaseous 
oxygen as the oxidizing medium (l), are cumbersome and incorporate 
potentially large relative analytical errors. In general these methods 
are not widely used. 

In the reductive methods, coal is pyrolyzed, and oxygen in the 
pyrolysis products is then reduced with hydrogen or carbon. when 
hydrogen is used, oxygen in the pyrolysis products is catalytically 
converted to water, which is then taken as a measure of the oxygen 
content of the coal (1). Disadvantages of this method include rela- 
tively complex apparatus and possible catalyst poisoning by sulfur and 
chlorine in the coal. Methods employing carbon as a reducing agent, 
such as the classic UnteKzauCheK method ( 2 ) ,  are relatively common. 
These methods generally involve reducing oxygen in the coal pyrolysis 
products to CO, which is then oxidized and determined as C02. 
satisfactory results can be obtained by such pyrolysis methods, they 
are usually slow and tedious. 

FaSt-neUtron activation analysis (FNAA), which has been used rela- 
tively recently for oxygen in coal (3,4), is based on irradia ng the 
coal with 14-MeV neutrons and measuring the radiation of the “N 
produced from the oxygen. However, this technique requires a suitable 
nuclear reactor and specialized equipment for radiochemical analysis. 

A general drawback to the above methods is that all or part of the 
inorganic oxygen is included in the determination. Therefore, correc- 
tions for the inorganic oxygen must be made, or else the coals must be 
demineralized prior to analysis. 

niques, ASTM Method 3176, the Standard Method for Ultimate Analysis of 
Coal and Coke (51, specifies that the organic oxygen content be deter- 
mined by difference from the ultimate analysis, using the equation: 
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Because of difficulties and/or errors associated with these tech- 



%Oorg - 100 - ( % C  + %€I + %N + %S + %ash) 1) 

This indirect determination, however, is also plagued by potential 
analytical errors. In addition to cumulative errors associated with 
the other five constituents in the ultimate analysis, the nature of the 
mineral matter is significantly changed during ashing. Furthermore, 
the ASTM procedure is designed for unaltered coals and may not be 
applicable to chemically treated coals. Clearly, the need remains for 
a fast, simple, direct, versatile, and accurate method for determining 
the organic oxygen content of coal. 

Electron beam microanalytical techniques provide possible alterna- 
tives for determining directly the organic oxygen content of coal. 
Such techniques have been used previously for the direct determination 
of organic sulfur in coal (6-8). In one of those studies, the organic 
oxygen content of various coal macerals was also determined ( 8 ) .  

of using scanning electron microscopy (SEM) with wavelength- and 
energy-dispersive spectrometry (WDS and EDS, respectively) for the 
direct determination of organic oxygen in coal ( 9 ) .  x-ray analysis 
techniques were emphasized, while sample preparation and handling were 
not carefully monitored O K  controlled. Because of encouraging results 
with the SEM technique, additional exploratory work was performed in 
this study. 

In previous work at Ames Laboratory, the feasibility was explored 

EXPERIMENTAL 
Samples 

The four coals in this study were Illinois No. 6 (Captain Mine, 
Percy, Illinois), Pittsburgh No. 8 (Grafton Mine, Churchville, West 
Virginia), Dietz No. 1 and 2 (Decker Nine, Decker, Montana, and 
Charming Creek (Charming Creek Kine, BUlleK Coalfield, New Zealand). 
These coals were ground to - 2 0 0  mesh, dried at 100-llO°C for two hours 
under vacuum and stored under argon in a freezer. Sample pellets were 
prepared by mixing the coal with ultra-high molecular weight polyeth 1 
ene powder, pouring the mixture into a hot press, and heating to 140'C- 
for about five minutes under 4200  psi pressure in a nearly air-tight 
chamber. The pellets were ground with silicon carbide sandpaper and 
lapping oil and polished with a diamond paste and oil. The pellets 
were then cleaned in a mixture of hexanes (Skelly-B), coated with 
approximately 5OA of carbon, and stored under nitrogen at 5OC prior to 
analysis. 

In addition to the coals, a sample of amber from an unspecified 
source from the Baltic Sea region in Poland was analyzed. It was 
thought that the amber could serve as a model compound for certain coal 
macerals, particularly resinite. This sample was ground to -60 mesh 
and was then prepared for analysis in the same manner as the coals. 

Conventional Analyses 

Ultimate analyses were performed with a Perkin-Elmer Node1 240 CHN 
Analyzer and a Fisher Model 470 Total Sulfur Analyzer. Ash was deter- 
mined by conventional ASTM procedures and the organic oxygen was then 
calculated by difference as shown in Eq. 1. Data for total oxygen in 
coal were obtained by FNAA at the University of California at Irvine. 
These analyses were for different sample splits than the ones used for 
the ASTM and SEN analyses and were performed on "as-received" rather 
than on dried coals. After correcting the total oxygen values to a dry 
basis per ASTM standard 0-3176 (S), which includes the correction to 
account for oxygen in moisture, the organic oxygen was estimated by 
assuming 50% of the mineral matter to be oxygen (10). The FNAA and 
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ASTM organic oxygen values were converted to a mineral matter-free 
basis by using a modified Parr formula (11) to estimate the mineral 
matter content of each coal. 

TheKmogravimetKiC Analyses (TGA) 

1090 thermogravimetric analyzer. The samples were heated from room 
temperature to about 8OO0C at a rate of 10°C per minute under a 
nitrogen atmosphere. 

SEM-WDS Analyses 

A JEOL (Japan Electron Optics Laboratory) Model JSM-U3 scanning 
electron microscope was used in conjunction with a Microspec WDX-2A 
spectrometry system to quantify oxygen i n  the samples. Energy- 
dispersive spectrometry (EDS) was performed with a KEVEX Si(Li) 
detector and a TKaCOr Northern Model TN-2000 energy-dispersive x-ray 
analyzer. Since the low energy oxygen x-rays are absorbed by the 
beryllium window in OUK EDS detector, oxygen had to be measured by WDS. 

For the coals, x-rays were collected in the spot mode using typical 
analysis conditions of 15 kV accelerating voltage, 30 nA beam current, 
and a 25' x-ray take-off angle. For the amber, a 20 x 20 pm square 
raster was used with an accelerating voltage of 10 kv. Samples were 
first screened visually at 5000x in the SEN to avoid mineral inclu- 
sions. EDS was then used to monitor the particles for Al, Si, Ca, and 
Fe. Since oxygen was determined by WDS only when significant levels of 
these elements were absent, the oxygen had to be associated with the 
organic matrix. Two points within each of 12 particles were analyzed 
for each coal. This sampling approach, used previously to determine 
organic sulfur in coal, was found to give statistically acceptable 
results ( 7 ) .  Due to analytical difficulties, only one point for each 
of 7 particles was analyzed for the amber. 

sometimes present in the analyzed particles, EDS was used to collect 
spectra for a set of standards containing these elements prior to 
analyzing the coal. Quartz (Si02) was used for Si, aluminum metal for 
Al, apatite (CaS(P0 ) OH) for Ca, and pyrite (FeS2) for the Fe and S. 
Quartz was also used $or the oxygen standard since a suitable organic 
oxygen standard for the SEX technique has not yet been found. Although 
boric acid, citric acid, urea, and acetanilide were tested as possible 
organic oxygen standards, they could not withstand the high beam cur- 
rents. Other materials could be investigated for use as organic oxygen 
standards. 

After collecting the spectra from the sixth and twelfth coal 
particles, additional spectra from a standard were collected to monitor 
the beam current. Each coal was analyzed twice by the S E N  technique. 
For the second SEM-WDS analysis, the same pellet was used, but a new 
surface was exposed and analyzed. Sample pellets of amber were only 
analyzed once. 

For each coal, the wavelength of the maximum oxygen intensity was 
measured for 10 sampled points. The values were averaged, and organic 
oxygen was determined by collecting oxygen intensities at the average 
wavelength for a given coal. For the amber, the average wavelength 
from 6 sampled points was used. 

Energy-dispersive spectra and oxygen x-rays obtained by WDS were 
each collected for 30 seconds. The total oxygen intensity was trans- 
ferred to the EDS unit for data reduction. The Tracor Northern program 
"Super ML", a multiple least-squares fitting program, was used to 
reference the sample spectra against the standards. The organic oxygen 
concentrations were calculated from the observed oxygen intensities 
using the Tracor Northern "ZAF" correction program to correct for the 

TGA was performed on the coals and the amber with a DuPont Model 

Because organic sulfur and small amounts of Al, Si, Ca, and Fe were 
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atomic number, absorption, and fluorescence effects in the coal matrix. 

in this study was determined using Ziebold's equation (12): 
The theoretical detection limit for oxygen for the equipment used 

2) cd. 1. 3 3.29a/( nrP - P/B ) * 5 

where cd 1 
measuremint, "n" is the number of repetitions of each measurement. "P" 
is the pure element counting rate, "P/B" is the peak to background 
ratio of the pure element, and "a" relates composition and intensity of 
the element of interest by: 

is the minimum detectable limit, "T" is the time of each 

a = c ( 1  -k)/(l-c)k ~ 3 )  

where "c" is the concentration and "k" is the measured intensity ratio. 
For typical operating conditions, C was about 1%. which is well 
below the oxygen concentration in tfk Samples used for this study. 

RESULTS AND DISCUSSION 

The organic oxygen values from the ASTM ultimate analyses, shown in 
Table 1, were converted to a mineral matter-free basis and incorporated 
into Table 2 for comparison of the ASTM results with the FNAA and SEM 
results. The error limits of the SEM analyses shown in Figure 2 were 
calculated directly from the analytical statistics and represent 95% 
confidence limits (i.e., +2u). The error limits for the ASTM values 
were calculated by summing the reproducibility limits for the C ,  H, N, 
S ,  and ash analyses. For the FNAA values, error limits were calculated 
from counting statistics and represent 95% confidence limits. As can 
be seen in Table 2, the SEM-WDS organic oxygen values were comparable 
to those obtained by the ASTM and PNAA techniques for the Pittsburgh 
coal, while significant discrepancies were generally noted for the 
remaining coals and the amber. Although the SEM oxygen value for the 
amber was fairly close to the ASTM value, SEM analysis of this sample 
was unsatisfactory due to poor contrast between the amber and mounting 
material as well as other analytical problems. Reproducibility was 
best for the Dietz coal and was worst for the Illinois coal. The low, 
yet consistent SEM-WDS values for the Dietz coal suggest a systematic 
error in the SEM-WDS procedure. 

FNAA and ASTM procedures may reflect errors in the SEM technique it- 

Table 1. ASTM Analyses of Samples used in This SEM-WDS Study for 

The discrepancies between the SEM values and those obtained by the 

Organic Oxygena 

Charming Dietz Illinois Pittsburgh Baltic 
Creek Coal Coal Coal Coal Amber 

Moisture 0.71 2.47 1.24 1.07 0.85 
C 70.48 70.07 65.39 76.01 79.09 
Hb 5.12 4.41 4.11 4.86 10.69 

5.63 0.48 4.56 3.20 0.46 Stot 
N 1.31 0.91 1.11 1.15 0.98 
Ash 1.23 5.25 13.97 6.93 0.19 
0 (By Diff.) 8-23 18.87 10.85 7.83 7.79 
aValues are in % and, except for moisture, are reported on a dry basis, 
bCorrected for hydrogen in the moisture. 

567 



Table 2. Organic Oxygen Values Determined by ASTM, FNAA, and SEM-WDSa 
SEM-WDS 

Sample ASTM F N M  Analysis 1 Analysis 2 

Charming Creek 8.35+0.72 - not detd. 4.9720.62 5.99t0.90 - 

Dietz Coal 20.0620.72 19.85+0.16 8.4351.10 8.6751.58 
Illinois Coal 13.0421.02 10.51+0.24 8.38+1.00 11.94k1.54 
Pittsburgh Coal 8.5621.02 8.2120.12 9.7120.56 8.3420.62 
Baltic Amber 7.8920.67 not detd. 5.921.2 not detd. 

Coal 

aValues are in % on a dry, mineral matter-free basis. 

self. These errors may involve differences in oxygen peak shape and/or 
location, volatilization of oxygen-containing species during analysis, 
OK potential errors in the matrix correction routine. 

Peak shape and location can possibly be affected by the distribu- 
tion of oxygen functional groups in the coal, since differences in 
bonding energy will change slightly the energy of the emitted x-rays, 
particularly for light elements. If these effects are significant for 
the samples analyzed in this study, then determining the oxygen at a 
single wavelength for a given sample could introduce significant errors 
into the determination. Integration of peak areas 'may be required for 
accurate analyses. Oxygen peak shapes and locations for the coals and 
quartz are shown in Figure 1. An oxygen curve was not obtained for the 
amber. Although additional work is required for confirmation, the peak 
shapes appear to be significantly different between samples. Also, it 
can be seen that variations of only 0.050A in the peak location could 
result in variations in the measured intensity by as much as 20%. 

To study the possibility of sample volatilization, oxygen counts 
were collected for successive five-second intervals under different 
operating conditions for the Dietz and Illinois coals. Twelve measure- 
ments were collected on each of several particles for both coals, with 
a one-second break in between each interval. When relatively high 
energy fluxes were used, oxygen counts for both coals decreased by 18- 
3 6 %  over a 72-second period. However, the Illinois coal was able to 
withstand a higher beam current without experiencing a decrease in the 
oxygen count. Results of thermogravimetric analyses, shown in Figure 
2, indicate that the Dietz coal is more volatile than the other coals. 
Thus, it is probably more susceptible to loss of oxygen during SEM 
analysis. In view of this, the Dietz coal was reanalyzed using milder 
operating conditions. under the modified analytical conditions, the 
oxygen content was about 15%, as opposed to the values of 8-9% reported 
in Table 2. This adds additional support to the sample volatilization 
hypothesis. No similar experiments were perfo'rmed on the amber. 

error. Using typical operating conditions, absorption factors for 
oxygen in coal were between 7 and 9, which are of particular concern 
since the oxygen standard (Si02) is not similar to the coal matrix. 
The absorption corrections can be minimized by altering operational 
parameters. Also, in lieu of a different oxygen standard, using other 
correction routines could minimize errors associated with the matrix 
corrections. 

The "ZAF" matrix correction routine is a third possible source of 
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23.0 23.1 23.2 23.3 23.4 23.5 23.6 23.7 23.8 23.9 24.0 

FIGURE 1. Oxygen peak shapes for quartz and coals used i n  this study. 

FIGURE 2. TGA analyses o f  coals and amber. 
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CONCLUSIONS 

Although some encouraging results were obtained with the SEN-WDS 
technique, additional work is required to optimize analytical condi- 
tions to perform quantitative oxygen determinations. Maintaining 
sample integrity will need to be considered when selecting optimum x- 
ray acquisition parameters. Additional work is also required to 
further ascertain analytical precision and to further establish sta- 
tistical parameters. The validity of the sampling approach, which has 
been shown to be acceptable for determining organic sulfur in coal, 
should be evaluated further to test its applicability to organic oxygen 
determinations. The theoretical detection limit of about 1% for oxygen 
is low enough for the technique to be applicable to a wide variety of 
coal and coal products. Difficulties with analysis of the amber indi- 
cate that alternate sample mounting techniques should be available for 
analyzing different sample types. 
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The Solvent Swelling Behavior of A1C13-Treated Coal Molecules 
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Department of Chemistry. Western Kentucky University. Bowling Green. KY 42101 

INTRODUCTION 

Coals  a r e  known t o  be  l a r g e l y  i n s o l u b l e  i n  most common s o l v e n t s  a t  t h e i r  
boi l ing points .  A good solvent  such as pyridine diEEOlVe8 a t  bes t  only 10-30 weight 
percent of the so l id .  Bowever. the  insoluble  port ion of coals  i s  known t o  swell up 
t o  two t o  three times i t s  own volume i n  good solvents .  and t h i s  lends support t o  the  
idea t h a t  the insoluble  port ion i s  bes t  viewed a s  a three-dimensionally crossl inked 
macromolecular s o l i d  ( 1 ) .  A minor amount of smaller  molecules a r e  thought t o  be 
trapped within t h i s  three-dimensional network and can be r e l e a s e d  by good s w e l l i n g  
s o l v e n t s  such a s  p y r i d i n e .  T h i s  paper  i s  concerned with the  r e l a t i o n s h i p  of the  
three-dimensionally crossl inked macromolecules t h a t  c o n s t i t u t e  t h e  insoluble  port ion 
of coals  and the  smaller. po ten t ia l ly-ex t rac tab le  molecules. 

The re la t ionship  between the  macromolecular p o r t i o n  of c o a l  and t h e  s m a l l e r  
molecules  has  been of c o n s i d e r a b l e  i n t e r e s t  t o  c o a l  chemis ts  f o r  some t i m e .  A 
fundamental question concerning t h i s  re la t ionship  i s  whether t h e  s m a l l e r  molecules  
represent much the  same s t u f f  a8 the  crossl inked macromolecules. This quest ion has 
been addressed by Given i n  a recent  review (2) .  Van Krevelen. i n  h i s  proposed model 
of the  c o a l i f i c a t i o n  p r o c e s s .  regarded  t h e  s m a l l e r  molecules  a8 t h e  u n r e a c t e d  
f r a g m e n t s  o f  a c o n d e n s a t i o n  p o l y m e r i z a t i o n  r e a c t i o n  ( 3 ) .  The i n s o l u b l e  
macromolecular  n e t w o r k  was r e g a r d e d  a s  t h e  p r o d u c t  o f  t h i s  c o n d e n s a t i o n  
p o l y m e r i z a t i o n .  Thus t h e  s o l u b l e .  s m a l l e r  m o l e c u l e s  a n d  t h e  i n s o l u b l e  
macromolecules were regarded by van Krevelen  a s  much t h e  same s t u f f .  Given has  
r e j e c t e d  t h i s  v i e w  as n o t  i n  a c c o r d  w i t h  t h e  f a c t s  ( 2 ) .  The d e t a i l s  o f  h i s  
arguments a r e  n o t  p r e s e n t e d  h e r e .  Larsen and co-workers. i n  a s t u d y  o f  t h e  
molecular  weight  d i s t r i b u t i o n s  of pyridine e x t r a c t s ,  have shown t h a t  c o a l i f i c a t i o n  
is not a simple condensation polymerization a8 proposed e a r l i e r  by van Krevelen (4) .  

I n  s p i t e  of t h e  e v i d e n c e  a r g u i n g  a g a i n s t  v a n  K r e v e l e n ' s  v i e w  o f  t h e  
c o a l i f i c a t i o n  p r o c e s s .  we were i n t r i g u e d  by t h e  p o s s i b i l i t y  of model ing t h e  
insoluble  macromolecules i n  c o a l  by somehow "polymerizing" o r  c r o s s l i n k i n g  t h e  
s o l u b l e .  s m a l l e r  m o l e c u l e s  i n t o  an i n s o l u b l e  n e t w o r k .  I f  t h i s  could be 
accomplished. the  various proper t ies  of t h e  two mater ia l s  (e .g .  s w e l l i n g  b e h a v i o r )  
could be d i r e c t l y  compared. A s t u d y  of  t h i s  n a t u r e  might lend ins ight  i n t o  the  
re la t ionship  between the  macromolecular network and t h e  smaller molecules i n  coals .  

APPROACH 

Winans and co-workers have shown t h a t  l i g n i n  can be t ransformed i n t o  an 
insoluble  mater ia l  resembling low rank coa ls  i n  t h e  presence of montmori l l ini te  a t  
15OoC (5) .  In addi t ion.  aluminum bromide (A1Br3) was shown t o  transform l ign in  to  a 
coa l - l ike  mater ia l  i n  a very shor t  time (24 h r  a t  12OOC). This  f a s c i n a t i n g  r e s u l t  
sugges ted  t o  us t h a t  Lewis a c i d s  might  promote c r o s s l i n k i n g  r e a c t i o n s  between 
soluble  coal  molecules. l ead ing  t o  a n  i n s o l u b l e  t h r e e - d i m e n s i o n a l l y  c r o s s l i n k e d  
m a t e r i a l  capable  of s w e l l i n g  i n  organic solvents .  Thus we chose t o  t r e a t  soluble  
coal  molecules with A l C l  t o  see i f  an insoluble  mater ia l  might be produced. 

The choice of  A 1 C 1 3  a s  a r e a c t a n t  imposed a s i g n i f i c a n t  c o n s t r a i n t  on  our  
exper imenta l  approach.  Most coals  a r e  la rge ly  insoluble  i n  solvents  t h a t  would be 
compatible with Lewis acids .  For example. hydrocarbon solvents  such as toluene w i l l  
not  s t rongly coordinate with Lewis ac ids  i n  Fr iedel-Craf ts  a lkyla t ion  reac t ions  ( 6 ) ,  
but these solvents  d i sso lve  only a small f r a c t i o n  of most coals .  On t h e  other  hand, 
pyridine and o ther  donor so lvents  a r e  e f f e c t i v e  ex t rac t ion  s o l v e n t s  f o r  c o a l s .  b u t  
s t rongly coordinate t o  Lewis acids. rendering them inef fec t ive  as a l k y l a t i o n  

3 

571 



c a t a l y s t s  ( 6 ) .  Thus pyridine would be a poor choice a8 a r e a c t i o n  s o l v e n t  i n  t h e  
presence of A1C13. 

An a l t e r n a t i v e  approach i s  t o  make t h e  coa l  more soluble  in  solvents  compatible 
with Lewis acids .  One way of doing t h i s  i s  by 0-methylation of t h e  hydroxyl groups 
i n  coal. L io t ta  has shown t h a t  t h e  e x t r a c t a b i l i t y  of a n  I l l i n o i s  No. 6 c o a l  i n  
ch loroform (CHC13) i s  i n c r e a s e d  from 3.2% t o  21.7% upon 0-methylation (7) .  The 
reac t ion  i s  thought t o  render  the  coa l  f r e e  of i ts  secondary s t r u c t u r e  by disrupt ing 
coal-coal  hydrogen bonds .  The pr imary  c o v a l e n t  framework of t h e  c o a l  i s  l e f t  
i n t a c t .  The C H C l  - s o l u b l e  f r a c t i o n  of  t h e  0-methylated I l l i n o i s  No. 6 coal  was 
found by us t o  be completely soluble  i n  a -d ich lorobenzene .  a n o n r e a c t i v e  s o l v e n t  
compat ib le  w i t h  Lewis a c i d s .  Thus a -d ich lorobenzene  was chosen as  the react ion 
solvent f o r  the  t reatment  of t h e  coa l  ex t rac t  with A1C13. 

3 

EXPERIMENTAL 

0-methylation of t h e  I l l i n o i s  No. 6 coal  was car r ied  out according t o  Lio t ta ' s  
Elemental analyses  of both t h e  na t ive  and 0-methylated coals  a r e  given method (7) .  

i n  Table 1. 

Table 1 

Elemental Analyses of I l l i n o i s  No. 6 Coala 

C H N S Ob mc 

I l l i n o i s  No. 6 78.3 5.4 1.3 4.5 10.5 13.3 

0-methylated 76.5 6.0 1.7 2.9 12.8 9.6 

a d m f  baa ia  
:by d i f fe rence  
mineral  mat ter .  ca lcu la ted  according t o  MM=1.08 Ash +.55S 

The Soxhlet e x t r a c t a b i l i t y  of the  O-methylated I l l i n o i s  No. 6 coa l  i n  chloroform was 
found to  be 19.3%. (dmmf). i n  good agreement with L i o t t a ' s  f indings (7) .  

:E f3o-h a 100 mL round bottom f lask .  Approximately 
2 g o f  a n h y d r o u s  A l C l  was d i s s o l v e d  i n  t h e  n i t r o m e t h a n e .  3 0  mL o f  Q- 
dichlorobenzene and 1.75 ?of  coal  e x t r a c t  were then added. The f l a s k  was f l u s h e d  
with N2. stoppered and allowed t o  s t i r  a t  room temperature f o r  th ree  days. 

A separate  r e a c t i o n  i d e n t i c a l  t o  t h e  above reac t ion  was conducted. except t h a t  
no nitromethane was added to  the  f l a s k .  

After three days. t h e  contents  of t h e  f l a s k  was suct ion f i l t e r e d .  The residue 
was washed w i t h  Q-dichlorobenzene.  acetone. and then water. The residue was then 
placed in  a thimble and Soxhlet extracted overnight with water. which was s u f f i c i e n t  
t o  give a negative s i l v e r  n i t r a t e  t e s t  f o r  ch lor ide  ion. The residue was then dr ied 
under vacuum a t  105OC overnight .  

The r e s i d u e  from t h e  A l C l  - t r e a t e d  c o a l  e x t r a c t  was swol len  i n  s e r i e s  of 3 solvents  using an es tab l i shed  procedure ( 8 ) .  
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RESULTS 

The yield of a-dichlorobenzene insoluble material was 30% (based on the 
starting weight o f  extract) when nitromethane was used as a co-solvent. In 
contrast. the yield of insoluble material was only 5% when nitromethane was omitted 
from the reaction. 

The insoluble material obtained from the A1C13-treatment was swollen in series 
of solvents according to an established technique (8). The volumetric swelling 
ratio. Q. is a measure of the volume of solvent absorbed by a unit volume of coal. 
and is defined as 

Q=- 1) 

When Q is 1.0. the coal has absorbed no solvent. The results of these measurements 
are presented in Table 2 .  The Q values for the native. 0-methylated. and CHCl - 
extracted 0-methylated Illinois No. 6 coals are also presented. 

The hydrogen to carbon ratios of the coals and the insoluble material from the 
A1Cl3 treatment are also shown in Table 2. 

3 

Table 2 

Solvent Swelling Ratios (Q) and H/C ratios for  Illinois No. 6 Coals 
and A1C13-treated Coal Extracta 

Q 

Coal H/C Cyclohexane Ether Benzene THFb Pyridine 

Illinois No. 6 0.83 1 .o 1.2 1.1 1.9 2.6 

0-methylated 0.94 1.1 1.4 1.7 1.9 2.2 

0-methylated. 0.89 1.1 1.5 1.8 1.9 2.5 
CHCl -insoluble 

0-methylated. 1.1 N/A N/A N/A N/A N/A 
CHC13-soluble 

CHCl -ex&actc 

3 

A1C13.N0 Me-treated. 0.90 1.1 1.4 1.8 1.9 2.3 

AlCl -treated8 -- -- -- 
3 

-- 1.5 1.7 
CHCl;-extract 

3xtract was obtained from CHC13-extraction of 0-methylated coal. 

CInsoluble fraction only. 
Tetrahydrofuran. 

DISCUSSION 

The yield of  insoluble material from the AlCl -treatment of the CHC13-extract 
was found to increase from 5 to 30% when nitrometaane was added as co-solvent. 
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Nitromethane i s  known t o  be a n  e f f e c t i v e  s o l v e n t  f o r  A l C l  ( 9 ) .  and t h e  A l C l  - 
ni t romethane  complex t h a t  forms i s  known t o  be ca ta ly t ica l?y  a c t i v e  in  a lkyla t ion  
react ions (IO). In cont ras t .  A1C13 is only s l i g h t l y  soluble  i n  n-dichlorobenzene a t  
room temperature. We can speculate  t h a t  t h e  r o l e  of nitromethane as a co-solvent i s  
t o  provide a homogeneous so lu t ion  of A1C13. which somehow promotes condensa t ion  of 
t h e  s o l u b l e  c o a l  molecules .  P o l i s h  workers  have found n i t romethane  t o  be an 
e f fec t ive  solvent f o r  a l k y l a t i o n  of coals  with a l k y l  c h l o r i d e s  i n  t h e  presence  of 
A1C13 (11). 

The s w e l l i n g  r a t i o s  of the coa ls  and the  insoluble  mater ia l  produced from the 
e x t r a c t  a r e  p r e s e n t e d  i n  Table  2 .  The 0-methyla ted  c o a l  i s  observed t o  s w e l l  
subs tan t ia l ly  more in benzene than the  na t ive  I l l i n o i s  No. 6 coal .  This e f f e c t  has 
been previously descr ibed (12). and is a t t r i b u t e d  t o  the  d is rupt ion  of  t h e  hydrogen 
bond cross l inks  i n  t h e  na t ive  coal  upon 0-methylation. The 0-methylated coal  has a 
lower e f fec t ive  c r o s s l i n k  d e n s i t y  t h a n  t h e  n a t i v e  c o a l  and s w e l l s  more i n  good 
nonpolar  s o l v e n t s  such  a s  benzene.  P y r i d i n e .  a good hydrogen bond a c c e p t o r .  
d i s rupts  most of the hydrogen bond c r o s s l i n k s  and t h e r e f o r e  s w e l l s  b o t h  c o a l s  t o  
near ly  t h e  same exten t .  The chloroform ext rac t ion  i s  observed to  have l i t t l e  e f f e c t  
on the  swelling behavior of  t h e  0-methylated coals .  

Remarkably. t h e  s w e l l i n g  b e h a v i o r  of t h e  i n s o l u b l e  m a t e r i a l  produced from 
A l C l  -treatment of t h e  e x t r a c t  i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  of t h e  0-methylated 
I l l ? n o i s  No. 6 c o a l s .  The R/C r a t i o  of t h i s  mater ia l  a l s o  c lose ly  matches t h a t  of 
t h e  CHCl  -insoluble. 0-methylated coal .  It i s  s u b s t a n t i a l l y  lower t h a n  t h a t  found 
f o r  t h e  HC1 ex t rac t  from which it was produced. This l a t t e r  resu l t  i s  expected i f  
a more highly-crosslinked mater ia l  i s  being produced from the CHC13-extract. 

It i s  c l e a r  from t h e s e  r e s u l t s  t h a t  the  insoluble  mater ia l  produced from the 
A l C l  -treatment of the  coa l  e x t r a c t  has  a s  apparent c ross l ink  d e n s i t y  i d e n t i c a l  t o  
t h a t  of  t h e  CHC13-insoluble. 0-methylated I l l i n o i s  No. 6 c o a l .  The underlying 
r e a s o n ( s )  f o r  t h i s  r e s u l t  i s  n o t  known. b u t  we do n o t  b e l i e v e  t h e  r e s u l t  i s  
f o r t u i t o u s .  I t  c l e a r l y  s u g g e s t s  a c l o s e  s t r u c t u r a l  r e l a t i o n s h i p  between t h e  
insoluble  macromolecules and t h e  CHCl  -ex t rac tab le  molecules of  t h e  I l l i n o i s  No. 6 
coal. It a l s o  suggests  t h e  p o s s i b i l i ? y  t h a t  the  macromolecules a r e  derived from the 
smaller  molecules i n  coa l .  although we  have no independent evidence t o  support t h i s  
claim. Final ly .  the inso luble  mater ia l  produced from the  coal ex t rac t  i s  presumably 
insoluble  because covalent  bonds hold the molecules together .  If SO. a knowledge of 
t h e  react ions leading t o  the f o r m a t i o n  of  t h i s  m a t e r i a l  should provide  a b e t t e r  
understandinp o f  the na ture  n f  the covalent c ross l inks  i n  coals .  

3 

3- 
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In t roduc t ion  

There i s  now a wea l th  of l i t e r a t u r e  t h a t  d i s c u s s e s  c o a l  s t r u c t u r e  i n  terms 
of t he  concepts of polymer sc i ence  (1-7). 
macromolecular network with a degree of c ros s - l i nk ing  and a s o l / g e l  r a t i o  
( so lub le  e x t r a c t / i n s o l u b l e  network) t h a t  v a r i e s  with rank. 
consider  t h e  c e n t r a l  premise of t h i s  approach i n t u i t i v e l y  p l e a s i n g ,  we be l i eve  
the re  a r e  a number of major  problems w i t h  the  a p p l i c a t i o n s  of  s p e c i f i c  
t h e o r i e s ,  no tab ly  those  t h a t  involve the  assumption of  Gaussian cha ins  and the  
use o f  the Flory-Huggins equa t ion  t o  c a l c u l a t e  molecular  weights  from 
mechanical and s w e l l i n g  measurements. I n  a d d i t i o n ,  du r ing  t h e  l a s t  t e n  yea r s  
t he re  has been a r e v o l u t i o n  i n  polymer theory based predominantly on t h e  work 
of t h e  French schools  and summarized i n  de Gennes book (8). In many a r e a s  t h i s  
supplements r a t h e r  t h a n  r e p l a c e s  the c l a s s i c  approach of  Flory ( 9 ) ,  but recent  
work on swollen polymer g e l s  by Candau and co-workers ( 1 0 , I l )  c l e a r l y  
demonstrates t h a t  measurements on t he  swe l l ing  of c o a l  have t o  be considered i n  
a t o t a l l y  d i f f e r e n t  f a sh ion .  

Coal is cons ide red  t o  be a 

Although we 

In t h i s  communication we w i l l  a t tempt  t o  c r i t i c a l l y  a s s e s s  these  f a c t o r s .  
In p a r t i c u l a r ,  we w i l l  po in t  o u t  t he  key r o l e  played by hydrogen bonding i n  
coal  s t r u c t u r e  and how t h e  presence o f  such s t r o n g ,  d i r e c t i o n a l  i n t e r a c t i o n s  
does no t  permit  t he  u s e  of Flory-Huggins s o l u t i o n  theory.  We w i l l  then d i scuss  
a s p e c t s  of va r ious  new t h e o r e t i c a l  approaches t h a t  hold promise f o r  desc r ib ing  
the s t r u c t u r e  of  c o a l .  

Hydrogen bonding and t h e  macromolecular s t r u c t u r e  of c o a l  

A t  t he  l a s t  ACS meet ing we d i scussed  va r ious  a s p e c t s  of hydrogen bonding 
i n  c o a l  and presented FTIR r e s u l t s  t h a t  demonstrated t h a t  t h e  predominant 
spec ie s  p re sen t  involved v a r i o u s  cha ins  and /o r  c y c l i c  complexes of phenol ic  OH 
groups,  t y p i c a l  examples of which a r e  i l l u s t r a t e d  i n  f i g u r e s  1 and 2 .  There 
a r e  c e r t a i n l y  some hydroxy l / e the r  and hydroxyl /pyridine- type base hydrogen 
bonds a s  w e l l ,  but  i n  most c o a l s  t h e s e  do n o t  seem t o  be t h e  p r i n c i p l e  spec ie s  
p r e s e n t .  We w i l l  not  reproduce the experimental  evidence,  a s  t h i s  w i l l  be 
presented i n  a s p e c i a l  i s s u e  of  Fuel (12) .  A s  f a r  a s  t h e  arguments we wish to  
make he re  a r e  concerned,  t h e  p r e c i s e  n a t u r e  of t h e  hydrogen bonded complexes 
a r e  no t  important .  
s i g n i f i c a n t  c o n c e n t r a t i o n s  has  a profound in f luence  on che behavior  of a 
polymer m a t e r i a l  and what t h e o r e t i c a l  t o o l s  can be s u c c e s s f u l l y  app l i ed  t o  a 
d e s c r i p t i o n  of s t r u c t u r e .  

J u s t  t h e  f a c t  t h a t  hydrogen bonds a r e  p re sen t  i n  

The molecular  weight  or cha in  l eng th  between c ross - l ink  po in t s  (M ) is a 
key parameter i n  d e s c r i b i n g  polymer networks.  Theore t i ca l  descr ipt ion:  of 
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t hese  m a t e r i a l s  a r e  of n e c e s s i t y  based on a number of s impl i fy ing  assumptions.  
The most c r i t i c a l  of t hese  a r e  t h a t  t h e  c h a i n  s t a t i s t i c s  a r e  Gauss ian ,  a l l  t h e  
cha in  ends a r e  jo ined  t o  the  network, en tanglements  can  be neg lec t ed  and 
deformations a r e  a f f i n e  ( t h e  d isp lacements  of t h e  c r o s s  l i n k  p o i n t s  a r e  l i n e a r  
i n  s t r a i n ) .  In t e s t i n g  t h e  p r e d i c t i o n s  of theory  i t  has  proved necessary  t o  
put t oge the r  (with some very  c l e v e r  polymer chemis t ry)  networks wi th  p r e c i s e l y  
def ined  s t r u c t u r e s .  
t h e i r  ends i n  s o l u t i o n .  
knowledge of the  q u a n t i t y  of i n t e r e s t ,  M . 
ends", those  cha ins  wi th  only  one end jo?ned t o  t h e  network, can  be important 
(10,11).  C lea r ly ,  i n  c o a l  t h e  s i t u a t i o n  i s  f a r  worse. The c h a i n  segments 
between c r o s s  l i n k  p o i n t s  a r e  probably too  s h o r t  and too  s t i f f  t o  be anywhere 
near Gaussian and i t  would be e x t r a o r d i n a r y  i f  dangl ing  ends were n o t  p re sen t .  
I f  t h i s  were not bad enough, some measurements have been made on s o l v e n t  
swollen samples. Here, even i f  t h e  cha ins  were long and f l e x i b l e  enough t o  be 
cons idered  Gaussian,  t he  d i s t a n c e  between c r o s s  l i n k s  no longer  s c a l e s  a s  NOe5 
(where N i s  the  number of " repea t  un i t s " ) .  In s t ead ,  exc luded  volume e f f e c t s  
become important and M 
var ious  mod i f i ca t ions  Ef rubber  e l a s t i c i t y  theory  t o  account f o r  some of t hese  
f a c t o r s ,  but t he  v i r t u e  of s i m p l i c i t y  i s  l o s t  and the  equa t ions  inco rpora t e  
a d d i t i o n a l  parameters t h a t  have t o  be f i t t e d  t o  t h e  d a t a .  

Monodisperse cha ins  a r e  syn thes i zed  and l i nked  through 

Even S O ,  t h e  e f f e c t  of "dangling 
This  minimizes en tanglements  and provides  a p r i o r  

s c a l e s  a s  N ~ * ~  (8,101. Of c o u r s e ,  t h e r e  have been 

Although these  problems a r e  cons ide rab le ,  and have been c l e a r l y  recognized 
by a number of workers t h a t  have a t tempted  t o  apply  rubber  e l a s t i c i t y  theory  t o  
c o a l ,  i f  a l l  t h a t  w e  r equ i r ed  was a very  rough "ba l lpark"  e s t ima te  of M 
might be poss ib l e  t o  l i v e  wi th  these  l i m i t a t i o n s .  
f a c t o r s  t h a t  have t o  be cons ide red ,  however, and they are so c r u c i a l  t h a t  they 
make e s t ima tes  o f  molecular  weight p re sen ted  i n  t h e  l i t e r a t u r e  e s s e n t i a l l y  
meaningless.  
The f i r s t  i s  the  use of Flory-Huggins theo ry  t o  d e s c r i b e  polymer s o l v e n t  
i n t e r a c t i o n s .  This theory  provides  b e a u t i f u l  i n s i g h t  i n t o  t h e  major  f a c t o r s  
t h a t  a f f e c t  s o l u b i l i t y ,  bu t  i n  terms of p r e d i c t i v e  c a l c u l a t i o n s  i t  has  t w o  
major d e f e c t s ,  well-recognized i n  t h e  polymer l i t e r a t u r e ,  bu t  l a r g e l y  ignored 
when t h i s  equat ion  i s  app l i ed  t o  c o a l .  The f i r s t  problem involves  f r e e  volume 
e f f e c t s .  These have been accounted f o r ,  most no tab ly  i n  the  equa t ions  of s t a t e  
approach (13) and w e  presume t h a t  a modi f ied  or approximate t r ea tmen t  could  be 
app l i ed  t o  coa l .  This  is not  t h e  p r i n c i p l e  concern  a t  t h i s  s t a g e  of ou r  
research  program, however. We a r e  much more i n t e r e s t e d  i n  t h e  second "defec t"  
of F lory  Huggins theory  when a p p l i e d  t o  c o a l ,  t he  use of the  X i n t e r a c t i o n  
parameter.  

i t  
There a r e  two a d d i t i % a l  

The second of t hese  w i l l  be cons idered  i n  a s e p a r a t e  s e c t i o n .  

Flory-Huggins theory  is b a s i c a l l y  an ex tens ion  of r e g u l a r  s o l u t i o n  theory.  
Two terms a r e  cons ide red ,  a combina to r i a l  en t ropy  expres s ion  and a van Laar 
type exchange i n t e r a c t i o n  term t h a t  has  t h e  form $ 
exchange energy and $ 
the  mixture .  The product $ $2 r e p r e s e n t s  t h e  p r o b a b i l i t y  of c o n t a c t  between 
polymer segments and so lven t  molecules and i m p l i c i t l y  assumes random mixing. 
TheJ term f o r  hydrocarbons i s  de r ived  by assuming weak London d i s p e r s i o n  
fo rces  and i n  t h e  o r i g i n a l  formula t ion  i s  always p o s i t i v e  ( a c t u a l l y  >/ 
Hydrogen bonding cannot be accounted f o r  i n  t h i s  scheme. Secondary f o r c e s  t h a t  
a r e  s t r o n g ,  s p e c i f i c  and d i r e c t i o n a l  w i l l  r e s u l t  i n  a number of 1 : 2  c o n t a c t s  
t h a t  exceeds t h a t  due t o  random mixing by an  amount t h a t  w i l l  depend upon t h e  
energy o f  t he  i n t e r a c t i o n .  Furthermore,  t h e  format ion  of hydrogen bonds 
r e s u l t s  i n  a change of en t ropy  a s  well a s  en tha lpy  ( t h a t  i s ,  an a d d i t i o n a l  

$ x, where x i s  t h e  
$2 a r e  the  volume f r ac t ion :  o$ so lven t  and polymer i n  

0). 
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en t ropy  term to  t h a t  d e s c r i b i n g  combina to r i a l  mixing) .  As Prigogine (14) has 
po in t ed  o u t ,  t he re  i s  no s a t i s f a c t o r y  theo ry  of s t r o n g  i n t e r a c t i o n s ,  
p r i n c i p a l l y  because t h e  r o t a t i o n a l  p a r t i t i o n  f u n c t i o n  i s  not  independent of t h e  
t r a n s l a t i o n a l  p a r t i t i o n  func t ion .  
t o  d e s c r i b e  these  systems,  however, and we have r e c e n t l y  adapted t r ea tmen t s  
used t o  desc r ibe  t h e  behavior  of a l c o h o l s  i n  hydrocarbon so lven t s .  This i s  
descr ibed i n  d e t a i l  e lsewhere (151, but t h e  key p o i n t  a s  f a r  as t h i s  d i scuss ion  
is concerned i s  t h a t  t h e  Flory-Huggins equa t ion  i s  modified by t h e  a d d i t i o n  of  
a term dGH which d e s c r i b e s  the  change i n  t h e  f r e e  energy due t o  the  change i n  
the pa t t e r ;  of hydrogen bonding when a m a t e r i a l  t h a t  s e l f  a s s o c i a t e d  (eg.  c o a l ,  
through OH groups) is mixed with a spec ie s  t h a t  competes with these  hydrogen 
bonds. The equa t ions  a r e  ob ta ined  i n  a concep tua l ly  s imple f a sh ion ,  but  the 
a lgeb ra  necessary t o  d e s c r i b e  and e x p l a i n  t h e  r e s u l t  is too lengthy t o  
reproduce i n  t h i s  s h o r t  p r e p r i n t .  The key p o i n t  i s  t h a t  w e  o b t a i n  an 
expression for%$ t h a t  c o n s i s t s  of  parameters  t h a t  a r e  experimental ly  
determinable  (most s i g n i f i c a n t l y ,  t h e  f r a c t i o n  of OH groups t h a t  a r e  
hydrogen bonded, measured by FTIR). We w i l l  d i s c u s s  t h e  a p p l i c a t i o n  of t h i s  
approach more completely i n  a f u t u r e  p u b l i c a t i o n .  
making i s  t h a t  hydrogen bonds do n o t  permit  t h e  use  of  conven t iona l  s o l u t i o n  
theory and a new approach is requ i r ed .  

It is p o s s i b l e  t o  use an equ i l ib r ium scheme 

not 

The c e n t r a l  po in t  we a r e  

Before proceeding t o  a d i s c u s s i o n  of  t h e  second f a c t o r  t h a t  obv ia t e s  the 
use of  t r a d i t i o n a l  polymer theo ry  f o r  determining c o a l  molecular  weights ,  i t  i s  
important t o  c o n s i d e r  one o r  two a d d i t i o n a l  f a c t o r s  a s s o c i a t e d  w i t h  hydrogen 
bonding in  coa l .  F i r s t ,  i n  many s t u d i e s  t h e  degree of swe l l ing  of  c o a l  samples 
is p l o t t e d  a s  a f u n c t i o n  of so lven t  s o l u b i l i t y  parameter va lues .  Two maxima 
were observed i n  one r e c e n t  s tudy (17) and these  were s e p a r a t e l y  assigned to  
the s o l v a t i o n  of t h e  macromolecular network by a s o l v e n t  with a s o l u b i l i t y  
parameter s i m i l a r  t o  t h e  c o a l ,  wh i l e  t h e  second was assigned t o  t h e  breaking of 
hydrogen bonds. Th i s  i n t e r p r e t a t i o n  i s  j u s t  p l a i n  wrong. S o l u b i l i t y  parameters 
a r e  r e l a t e d  t o  the  F l o r y  X parameter  and a r e  simply a d i f f e r e n t  formulat ion of 
a van Laar type i n t e r a c t i o n  term. P l o t t i n g  d a t a  f o r  hydrogen bonding m a t e r i a l s  
as  a func t ion  of such parameters  is meaningless  f o r  t h e  reasons given above. A 
double maximum was observed because THF and p y r i d i n e  both c o n t a i n  hydrogen bond 
"acceptor" groups (atoms w i t h  a l one  p a i r  of  e l e c t r o n s )  and so w i l l  both 
hydrogen bond t o  c o a l  pheno l i c  OH groups.  However, they have very d i f f e r e n t  
" f io lub i l i t y  pir.=!eters" a d  so a r e  sepa ra t ed  i n  t h i s  dimension by non-hydrogen 
bonding so lven t s .  The double maxima a r e  simply an a r t i f a c t  of t h i s  cond i t ion .  
I f ,  i n s t e a d ,  we cou ld  p l o t  swe l l ing  a g a i n s t  t h e  s t r e n g t h  of competing hydrogen 
bond formation ( c o a l l s o l v e n t  vs c o a l  s e l f - a s s o c i a t i o n ) ,  then a much more 
c r e d i b l e  p l o t  would be ob ta ined .  S z e l i g a  and Marzec (17) produced one such p lo t  
using the donor number-acceptor number approach of Gutmann (18).  The physical  
meaning of t hese  numbers i s  obscure ,  however. In order t o  i l l u s t r a t e  ou r  point 
we t h e r e f o r e  p l o t  s w e l l i n g  measurements r epor t ed  i n  t h e  l i t e r a t u r e  a g a i n s t  the 
s t r e n g t h  o f  t h e  hydrogen bonds formed between t h e  s o l v e n t s  i n  ques t ion  and 
phenol ic  OH groups,  which can  conven ien t ly  be measured by s h i f t s  i n  OH 
s t r e t c h i n g  modes (12 ) .  
maxima (see Figure 3 ) .  

There i s  a s t r a i g h t f o r w a r d  c o r r e l a t i o n  and no double 

F i n a l l y ,  t h e  p re sence  of hydrogen bonds h a s  a n  extremely important b u t  
l a r g e l y  ignored e f f e c t  on t h e  de t e rmina t ion  of t h e  molecular  weight of so lub le  
c o a l  der ived l i q u i d s .  
complexes. The s i z e  of  t hese  aggrega te s  w i l l  depend upon t h e  hydrogen bonding 
c a p a c i t y  o f  t he  s o l v e n t .  

These w i l l  hydrogen bond t o  form mul t i -molecu la r  

Because t h i s  i s  an equ i l ib r ium p rocess ,  however, i t  



is easy  t o  show t h a t  t h e r e  w i l l  always be aggrega te s  p re sen t  (15 ) ,  even i n  
extremely d i l u t e  s o l u t i o n s  of hydrogen bonding so lven t s .  
problems a s soc ia t ed  wi th  molecular  weight measurements, t h i s  a lone  b r ings  i n t o  
ques t ion  the  r e l i a b i l i t y  of most publ i shed  va lues .  

Discount ing  o t h e r  

Des in t e r spe r s ion  

The f i n a l  "problem" i n  us ing  t h e  concep t s  of polymer sc i ence  t h a t  we wish 
( 1 0 , I l ) .  to  d i scuss  i s  a phenomenon c a l l e d  d e s i n t e r s p e r s i o n  by Candau e t  a l .  

This concept a rose  from obse rva t ions  made in  neut ron  s c a t t e r i n g  s t u d i e s  o f  
model polymer networks. LITTLE o r  NO CHAIN EXTENSION WAS OBSERVED I N  SWOLLEN 
POLYMER NETWORKS, r e l a t i v e  t o  the  unswollen s t a t e .  Following F lo ry  (131, it  
was then  noted t h a t  t h i s  e f f e c t  i s  no t  t o p o l o g i c a l l y  forb idden .  
can be made between topo log ica l  ne ighbors  ( c r o s s l i n k  p o i n t s  connec ted  by t h e  
same cha in  i n  t h e  network) and s p a t i a l  ne ighbors ,  connected by longe r  network 
pa th l eng ths ,  a s  i l l u s t r a t e d  schemat i ca l ly  i n  F igure  4. 
then an acco rd ion l ike  unfo ld ing  of t o  g ive  t h e  type  o f  swollen s t r u c t u r e  shown 
in F igu re  5 .  
change conformation or end-to-end d i s t a n c e .  

swells a t  l e a s t  i n  p a r t  i n  such a f a sh ion .  Theore t i ca l  d e s c r i p t i o n s  o f  
swel l ing  have t o  change t o  account f o r  t h i s .  One promising approach i s  t h e  
analogy t o  polymer semid i lu t e  s o l u t i o n s  sugges ted  by De Gennes (8). Much work 
remains before  t h i s  can  s e n s i b l y  be app l i ed  t o  c o a l ,  however. 

A d i s t i n c t i o n  

Des in t e r spe r s ion  i s  

A cons ide rab le  degree  o f  "untangl ing"  can  occur  b e f o r e  cha ins  

It i s  more than l i k e l y  t h a t  c o a l ,  w i t h  i t s  r e l a t i v e l y  s h o r t ,  s t i f f  c h a i n s ,  

Conclusions 

Our conc lus ions ,  s t a t e d  b a l d l y ,  sound r a t h e r  harsh .  Previous  
app l i ca t ions  of polymer theory  t o  c o a l  a r e  unsound and q u a n t i t a t i v e l y  wi thout  
meaning because hydrogen bonding and d e s i n t e r s p e r s i o n  have been l a r g e l y  
neglec ted .  However, t hese  s t a t emen t s  have t o  be p laced  i n  t h e  c o n t e x t  t h a t  i t  
i s  only  r e c e n t l y  t h a t  t hese  f a c t o r s  have been cons idered  by polymer 
t h e o r e t i c i a n s .  It i s  ou r  view t h a t  t h e  s c i e n t i s t s  who p ioneered  t h e  s tudy  o f  
coa l  a s  a macromolecular network made a major  conceptua l  advance. The work 
presented  he re  i s  not  a c r i t i c i s m  of t h i s  fundamental p remise ,  bu t  a re f inement  
based on r ecen t  advances.  
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Figure  1 Schematic r e p r e s e n t a t i o n  of ( t o p )  cha ins  of hydrogen bonds 
formed between phenol ic  OH groups  and (bottom) phenol ic  
OH-ether hydrogen bonds. 

580 



Figure 2 Cyclic tetranuclear complex formed between four phenolic OH groups 
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Figure3 Degree of swelling of coal (data from References 16 and 17) 
plotted against the infrared frequency shifts of the phenolic 
OH group when dissolved in the same solvents. 

581 



I 

Figure 4 Schematic representation of a polymer network. The heavy lines 
illustrate the spatial separation between topological neighbors 
(after Candau et al., References 10,ll). 

Figure 5 Schematic representation of the swollen network with "desinterspersion 
of the cross link points. 

502 



Studies on the Reaction of Coal with Ethoxycarbonylcarbene 

Martin Pomerantz and Peter Rooney 

Department of Chemistry 
The University of Texas at Arlington 

Arlington, Texas 76019-0065 

Introduction 

Studies of the molecular structure of coal have relied heavily on the chemical reactions of the coal 
and on the structure of the products produced. Many of these reactions involve high temperatures and 
fairly severe conditions, and, as a result, it is frequently difficult to relate the reaction products to coal 
structure because of molecular rearrangements and unanticipated reactions. For this reason people have 
sought mild reactions which would depolymerize the coal and provide tractable, identifiable products. 
Among these are oxidations using trifluoroperoxyacetic acid (l), NazCr20, (2), Ag20 (3), HNO3 (4) and 
H 2 Q  (5). and alkylation (6). Most other attempts at depolymerization involve high temperatures and 
much more severe conditions (7). 

mild thermal decomposition of ethyl diazoacetate (2; eqn. 1). There are a few reports in the literature of 
In this report we examine the reactions of coal with ethoxycarbonylcarbene (1) formed by the 

N2CHCOOEt - N2 + : C H C o E t  
1 A 

2 

studies involving reaction of coal with diazo compounds or carbenes. All but one have involved the use 
of diazomethane to analyze for -COOH and phenolic OH groups (8,9) and these studies have shown that 
it is a rather poor analytical method. One recent study (9) reports on the reaction of labeled 14CH2N2 and 
14CCl2 with coal and coal-derived materials. The conclusions, based strictly on the uptake of reagent 
both before and after exposure to air, were that air exposed fractions exhibited more ketonic and 
carboxyl groups at the expense of phenolic hydroxyl, benzylic methylenes and other oxidizable moieties. 

organic compounds is quite well known (IO). They will add to aromatic molecules to form 3-membered 
and 7-membered rings, they will insert into C-H bonds, will react with some heteroatoms and will 
undergo various free radical reactions. Equations 2 and 3 illustrate the first of these reactions by 
showing the reaction of the carbene 1 with benzene and naphthalene respectively. 

The reactions of carbenes, particularly ethoxycarbonyl carbene (l), with a very large variety of 

In this paper we report on the reactions of 1 (prepared by mild thermal decomposition of 2) with 
an Illinois No. 6 HVCB bituminous coal (PSOC-1351) and studies of the products involving thermal 
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analyses (TGA, DTA), diffuse reflectance FT-IR specaoscopy (DRTFT), and some preliminary GC 
analyses. 

Results and Discussion 

A sample of Jllinois No. 6 HVCB bituminous coal obtained from the Pennsylvania State 
University Coal Research Section (PSOC-1351) was crushed to <lo0 mesh under argon, dried at 120- 
125'C, and then treated with ethyl diazoacetate (2) in pentane. The mixture was stirred overnight at 
room temperature, under N2, the pentane was removed in vacuum and the coaY2 mixture was slowly 
heated to 1Oo'C until nitrogen evolution ceased. The temperature was then raised to 120'C for an 
additional 30 minutes to insure complete decomposition of 2. After weighing, a portion of the samples 
was extracted (Soxhlet) for 24 hours with toluene/methanol(9:1), and the extract was concentrated by 
distillation. 

The above procedure was run using 1,2 and 3 grams of 2 to 1 g of coal and, in addition, a 
control experiment, using the coal but omitting 2, was run. (The funs were called Coal 1 , 2 , 3  and 0 
respectively.) Further, a control experiment without the coal (monitored by 'H NMR spectroscopy) 
showed that 2 was stable to the overnight stining procedure. Table 1 shows the results. It should be 
noted that the decomposition of 2 apparently begins below 80'C and N2 evolution is fairly vigorous at 
80'. This suggests that, since ethyl diazoacetate normally requires higher temperatures for 
decomposition (lo), the reaction is being catalyzed, presumably by the mineral matter in the coal. It is 
also well known that catalyzed decomposition of 2 gives rise to carbene products (10). 

Table 1. Results of the Reaction of NzCHCOOEt (2) with Illinois No. 6 Coal 

w w w w 
0 1.016 2.028 3.000 

1.004 1.002 1.010 1.015 

Amt. iscovered (g ja  1.015 1.563 2.264 2.654 

% yieldb 101 88 89 81 

% extracted 31 45 63 71 

a) 
b) 

Weight after heating and loss of N2. 
Calculated based on weight of coal and carbene 1. 

In order to be sure that the major reactions were of the carbene, 1, with the coal, we 
independently prepared the known products formed when 2 decomposes by itself and when 2 reacts 
with the dimers of 1. The dimers, namely, diethyl maleate (3) and diethyl fumarate (4) are known to 
give the pyrazoline, 5, on reaction with 2, and this, in turn, thermally (above 180°C) or catalytically is 
known to decompose to cyclopropane, 6 (equation 4) (10-12). Capillary gas chromatographic analysis 
of the concentrated extracts showed small amounts of 3-6 in coal 1 (about 8 area percent total Of the non- 
solvent peaks eluting from the column), a little more of these in coal 2 (ca. 10%) and a bit more in coal 3 
(ca. 13%). Also, since 5 does not produce 6 below 180'C except by catalysis with metal ions (12), We 
must conclude that the reaction 5 - 6 was catalyzed in the coal. It was thus clear that the major reaction 
of the species 1 and 2 was with the coal. 
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EtOOC COOEt 

___t 
180-220°C 

E t O O C c m  or catalyst 

% 
EtOOC 

H 3  

N 

5 COOEt 
EtOOC 

>_<H 
EtOOC 

H COOEt 
4 

6 COOEt 

In addition to the peaks corresponding to 3-6 there were, of course, many other peaks in the GC 
of the extracts. The number of peaks in coal 3 was about the same as in coal 2 while in coal 1 the 
number was smaller and was smallest in coal 0. Work is in progress to try to identify these peaks, or at 
least the major ones. 

Table 2 shows the results of thermogravimehic analyses OGA) giving weight loss between 200" 
and 6 W C  for the coal samples before extraction. It should be noted that carbene treatment increased the 
amount of material which is volatile below 6 W C  by a factor of 2 to 3, a rather significant increase. 
Also, the major effect is shown on going from coal 0 to coal 1 and 2 while a smaller effect is shown on 
going from coal 2 to 3. The derivative plots (DTA) show the maximum rate of weight loss for coal 0 
(2.0%/min) at 470'C, for coal 1 (6.2%/min) at 260'C, and for coal 2 (9.l%/min) at about 260'C. Coal 3 
is essentiaUy the same as coal 2. It is thus clear that in addition to increasing the mount  of material 
which can be volatilized below 600'C, carbene treatment also lowers very substantially the temperature 
of maximum decomposition. Also, since the TGA curves change substantially in the carbene treated 
coals compared with the control, coal 0, the diazo compound (2) and hence the carbenes must be getting 
into the interior pores of the coal and giving rise to reaction. Thus we are not looking simply at a surface 
reaction. 

Table 2. Results of Thermogravimetric Analysis 

CQm C Q U  

% weight lossa-b 21 f 1.0 45 k 1.5 57 f 2.1 63 * 1.9 

% weight loss between 200' and 600°C. 
Average of 5 separate runs each. 8 
Finally, diffuse reflectance FT-IR @RET) spectra were obtained for the various samples. There 

were several differences observable upon carbene treatment. First, and most trivial, is that an ester 
carbonyl appeared at 1736 cm-1 in all samples. More significantly, a small peak at about 3050 cm-l, 
which is presumably due to aromatic C-H (13,14), disappeared with increasing amount of 2. A new 
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aliphatic CH peak appeared at 2962 cm-1 while a substantial aromatic peak at 1610 (13,14) in coal 0 got 
much smaller in coal 1 and disappeared in coals 2 and 3. A peak at 856 cm-1 appeared with carbene 
treatment and a smaller one at 771 cm-1 also grew in. One or both of these could be due to alkene C-H 
out of plane deformations which occur in this region (13). 

One area that also merits notice is the 400-550 cm-l region. According to Solomon (15) and 
references cited in this publication, this region is due to metal-sulfur and metal-oxygen bonds in the 
minerals of the coal. In the present study the 546 cm-' peak progressively disappeared in going from 
coal 0 to coal 3 and the 475 cm-1 peak also got smaller. This is consistent with the suggestion that the 
diazo compound decomposition was catalyzed and the reaction of the minerals with the ethyl diazoacetate 
(2) caused these absorptions to vanish. 

Summary 

has been reacted with Illinois No. 6 coal. Thermal analysis has shown that the treated coal is 
considerably more volatile than untreated coal and that the temperature of maximum volatility is 
significantly reduced. Infrared studies have shown that, in addition to the appearance of ester carbonyl 
absorption in the treated samples, there were also peaks attributable to aromatic rings and to mineral 
matter which diminish and peaks attributable to alkenes which also appeared. This is consistent with the 
known reactions of ethyl diazoacetate and ethoxycarbonylcarbene (10). 

Ethoxycarbonylcarbene (1) produced by the mild thermal decomposition of ethyl diazoacetate (2) 

Experimental Section 

General. Melting points were determined on a Thomas-Hoover capillary melting point apparatus and 
are uncorrected. Capillary GC was on a Varian model 3700 gas chromatograph using a 0.315 mm x 30 
M DB-5+ column with injector temperature at 250'C, FID detector at 300'C, and temperature 
programmed at 10'C/min from an initial temperature of 60'C (held for 5 min) to a final temperature of 
270°C. Diffuse reflectance FT-IR was canied out on a Biorad-Digilab ITS-40 instrument equipped with 
a TGS detector and a Barnes Analytical-Spectra Tech diffuse reflectance accessory. The samples were 2 
rng ofcoal and 100 mg of KBr. Thermal analyses were done on a DuPont system including a model 
1090 thermal analyzer, 951 thermogravimetric analyzer and 1091 microprocessor. 1H NMR spectra 
were obtained on a Varian T-60 60 MHz speceometer. 

Materials. Illinois No. 6 HVCB bituminous coal was obtained from the Pennsylvania State University 
Coal Research Section (PSOC-1351), and was reported to have the following elemental analysis: (wt. 
%-dry) C = 67.33%; H = 4.11%; N = 1.17%; organic S = 2.93%; 0 = 10.74%; and mineral matter 
13.72%. The proximate analysis: ash = 11.49%; volatile matter = 40.34% and fixed carbon 48.17%. 
Pentane was stirred with several portions of H2S04 until there was no color produced, with 0.5 N 
KMnO4 in 3 M H2SO4 for 12 hr., washed with H20 and then aqueous NaHCO3 and dried with MgS04. 
It was distilleg through a 12 in. Heli-pak column and the fraction boiling 3536°C was collected and 
stored over 4A molecular sieves. Ethyl diazoacetate was prepared from ethyl glycinate hydrochloride 
and distilled, b.p. 24-26'C/1.5 torr (16). Methanol was distilled through a 12 in. Heli-pak column and 
the fraction b.p. 64.0-64.5'C was collected and stored over 4A molecular sieves. Toluene was distilled 
through a 12 in. Heli-pak column and the fraction b.p. 110-1 10.5"C was collected and stored over 4.4 
molecular sieves. 

Reaction of Coal with Ethyl Diazoacetate. The Illinois No. 6 coal was crushed under argon to 
pass through a 100 mesh screen and dried at 120-125°C for 3 hr. under N2. After cooling for 30 
g portions of coal were put into 100 mL round-bottomed flasks into which was put 10 mL of p e m m  
and the ethyl diazoacetate (none for coal 0 and 1 , 2  and 3 g for coal 1,2, and 3 respectively). The 
mixture was stirred under N2 overnight and the pentane was removed in vacuum over ca. 30-40 min. 
The flasks were heated slowly to 1OO'C until the N2 evolution ceased (20-30 min.; monitored with a 
bubbler) and then the temperature was raised to 120'C for an additional 30 min. After they were 
weighed the samples were stored under N2. Approximately 0.4 g of these samples were extracted with 

1 
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9:l to1uene:methanol in a Soxhlet extractor for 24 hr. and the extract was concentrated to about 1.5 mL 
by distillation through a 12 in. Vigreux column. 

TGA analyses were done on 10-20 mg samples in an Ar or N2 atmosphere. The temperature was 
programmed from 85'C to 1050'C at a rate of 2O'Uminute. In general 5 runs were done on each 
sample. 
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